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ABSTRACT
Relatively common to the submarine setting are depositional sequences that begin with a
lower erosional boundary, followed in ascending order by a either a graded or an
inherently massive basal unit, a relatively coarse parallel laminated unit, a cross
laminated unit, a relatively fine parallel laminated unit, and a capping layer of massive
mud.

These sequences are present in turbidity current, coastal storm and tsunami

deposits, and their study is the key to understanding the physical processes governing
sediment transport, erosion and deposition in submarine settings, to the reconstruction of
global paleoclimate and paleoflow, to the exploration of hydrocarbon reservoirs and to
the prediction of natural hazards associated with earthquake and landslide induced
tsunamis. A common feature of these deposits is a basal erosional layer underlying a
sandy massive unit, i.e. a unit lacking internal structure. Previous studies have shown
that these sequences were deposited from waning energy flows, and the mechanism for
the emplacement of the basal massive unit is thought to be associated with rapid
deposition of suspended sediment. Here we present the results of laboratory experiments
specifically designed to test the hypothesis that these massive units can also be emplaced
by very intense bedload transport conditions corresponding to what is commonly called
sheet flow in the engineering literature. The experiments clearly show that in bedload
dominated systems 1) the transition from upper regime plane bed with standard bedload
transport to upper regime plane bed with bedload transport in sheet flow mode is gradual

iv

and occurs with the formation of downstream migrating antidunes and thus can be
representative of waning energy flows, and 2) in the presence of bedload transport in
sheet flow mode, the internal fabric of the emplaced deposits is massive. Noting that in
systems transporting medium to coarse sand bedload transport in sheet flow mode occurs
for less intense flows than suspended transport, the results of this work demonstrate that
the use of current suspension-based models may result in an overestimation of the flow
velocities and bed shear stresses of extreme events. Finally, the analysis of time series of
bed elevations reveals that the gradual transition from upper regime plane bed with
standard bedload transport to upper regime plane bed with bedload transport in sheet flow
mode can be modeled in terms of normal probability functions of bed elevations with
mean equal to the mean bed elevation and standard deviation that varies with the flow
properties. The definition of probability density functions of bed elevations as a function
of the flow conditions represents the first and necessary step towards the implementation
of a continuous morphodynamic modeling framework for non-uniform bed material that
is able to numerically reproduce the internal fabric of the emplaced deposit.
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CHAPTER 1

OVERVIEW OF THE RESEARCH WORK
The interpretation of the stratigraphic record, field studies of modern sedimentary
systems and laboratory experiments reveal that the upper regime plane bed is
representative of flow and sediment transport conditions, such as river floods [Simons
and Richardson, 1962; Nnadi and Wilson, 1995], coastal storms [Bourgeois, 1980;
Ribberink and Al-Salem, 1995] and turbidity currents [Middleton, 1967; Sohn, 1999;
Kostic, 2014], that are relevant to describe the evolution of sedimentary systems. The
study of this regime is thus fundamental to understanding the physical processes
governing the morphodynamics of subaerial and submarine settings, to the reconstruction
of global paleoclimate and paleoflow, to the exploration of hydrocarbon reservoirs and to
the prediction of natural hazards.
A perusal of the literature on sediment transport and depositional fabric reveals that
two conflicting definitions of upper regime plane bed are proposed, one with long
wavelength and small amplitude downstream migrating bedforms, the other with nearly
flat beds under a transport layer of colliding grains few tens of grain diameters thick – the
sheet flow layer.
Upper regime units are characteristics of depositional sequences of turbidites and
tempestite, i.e. deposits respectively emplaced by turbidity currents and storms (Bouma,
1962; Walker et al., 1983). These sequences present two common features that are
relevant for the present study 1) they are characterized by a basal erosional surface
1

underlying, in ascending order, a coarse basal unit and a parallel laminated unit, and 2)
they are deposited by waning energy flows. Field and laboratory studies demonstrated
that these parallel laminated units are deposited under upper regime plane bed conditions
with long wavelength and small amplitude bedforms (e.g. Cheel and Middleton, 1986,
Paola et al., 1989). Thus, recalling that the sequences of interest are deposited by waning
energy flows, the basal massive unit has to be emplaced by more intense flow conditions
than the overlying parallel laminated unit and these should be able to suppress parallel
lamination.
Several mechanisms have been proposed to describe the emplacement of massive
turbidites and tempestites (e.g. Lowes, 1982; Breien et al., 2010; Shanmungam, 1996;
Cartigny et al., 2014). All the proposed mechanisms associate the emplacement of
massive units with a rapid deposition of suspended sediment. None of the proposed
mechanisms, however, fully explains how the same sustained event can deposit both the
basal massive and the overlying parallel laminated unit.

In addition, the proposed

mechanisms cannot entirely justify how massive turbidites, which extend long distances
in the dip direction and may contain coarser particles as floating clasts, can be emplaced
10’s – 100’s km downstream of the source (Leeder, 1999).
The central hypothesis of this dissertation is that the basal massive unit of tempestite
and turbidite deposits can be emplaced under very intense bedload transport conditions
corresponding to what has been called sheet flow in the engineering literature on
sediment transport (e.g. Wilson, 1966; Nnadi and Wilson, 1995; Hassan and Ribberink,
2005). The sheet flow is a near bed layer of colliding grains with thickness of the order
of10s of grain diameters (Gao, 2008).
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For this hypothesis to hold, the transition from upper regime plane bed with bedload
transport in sheet flow mode to upper regime plane bed with long wavelength and small
amplitude bedforms has to be gradual. A gradual transition only can fully explain the
deposition of a basal massive unit underlying a parallel laminated deposit by waning
energy flows.
Two groups of laboratory experiments were performed in the Hydraulic Laboratory of
the University of South Carolina at Columbia. Noting that he experimental modeling of
turbidity currents powerful enough to produce sheet flow conditions has proved elusive,
we followed the lead of McBride et al. (1975) and Vrolijk and Southard (1997), and
performed the laboratory experiments in open-channel mode, under conditions that are
specifically designed to model intense, net-depositional subaqueous flows.
The first group of experiments was performed with uniform sand to study the
transition from upper regime plane bed with bedload transport in sheet flow mode to
upper regime plane bed with long wavelength and small amplitude bedforms.

The

second group of experiments was done with a mixture of sediments differing in grain size
to observe the internal fabric upper regime deposits.
Main outcome of the first group of experiments is that in bedload dominated systems
the transition from upper regime plane bed with long wavelength and small amplitude
bedforms to upper regime plane bed with bedload transport in sheet flow mode is gradual
and is characterized by the formation of downstream migrating bedforms called
antidunes. The antidunes have smaller wavelengths and larger amplitudes than the upper
regime plane bed bedforms responsible for the emplacement of parallel laminated
deposits. The mode of bedload transport in presence of long wavelength and small
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amplitude bedforms is what we refer to as standard bedload transport, i.e. a mode of
bedload transport in which sediment grains move in a 2-3 grain diameters thick near bed
layer with negligible particle-particle interactions. Thus, the transition from one upper
regime plane bed to the other is associated with a change in the mode of bedlaod
transport. Downstream migrating antidunes form at the transition from one mode of
bedload transport to the other.
The second objective of this thesis is to explore the possibility of the implementation
of a mathematical framework to quantitatively model at field scale the internal fabric of
deposits emplaced by waning energy flows in the upper regime.

The modeling

hypothesis is that the continuous probabilistic morphodynamic framework proposed by
Parker, Paola and Leclair (2000) for mixtures of sediments differing in size is able to
reproduce the internal fabric of the deposit.

The Parker, Paola and Leclair (PPL)

framework, however, cannot yet be fully implemented due to the lack of information
describing how particle entrainment and deposition vary in the vertical direction in an
alluvial deposit (Blom et al., 2008, Blom, 2008, Viparelli et al., 2016). The definition of
the spatial variability of entrainment and deposition in the vertical direction goes well
beyond the scope of the present work, thus the test of the modeling hypothesis was
approached in two phases.
The one-dimensional form of the PPL framework was implemented to study the
response of a gravel bed river to changes in flow regime and sediment supply. This
exercise demonstrated that, if the spatial variability of entrainment and deposition is
modeled with continuous probability density functions, the computational costs of the
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PPL framework are comparable with those of the commonly used layer-based models
(Viparelli et al., 2016).
Starting from the work of Wong et al. (2007) on the dispersal of tracer stones in lower
regime plane bed experiments, the analysis of time series of bed elevations was
performed to characterize the changes in bed elevation associated with bedform migration
and to relate them to the characteristics of the flow. This analysis represented the first
and necessary step for a physically-based implementation of the PPL framework to
predict the internal fabric of upper regime deposits. The results demonstrated that the
variability of bed elevation around the mean in the laboratory experiments could be
reasonably described with normal probability functions. Further, the standard deviation
of the time series of bed elevation resulted to be a function of the flow characteristics. In
particular, the standard deviation of the bed elevation, and thus the height of the bed
elevation changes, decrease as the mode of bedload transport transitions from standard
bedload transport to sheet flow.
Finally, a modified version of the PPL framework is proposed to model tracer stones
dispersal in the case of uniform sediment. The time series of bed elevation are used to
estimate the net rates of particle entrainment and deposition at different elevations in the
alluvial bed. Future research effort is needed to identify the dependence of the elevation
specific net entrainment and deposition rates with the characteristics of the flow and the
bedload transport and to explore how these rates change in the case of a mixture of
sediment particles differing in grain size.
This thesis is organized in three separate studies respectively presented in Chapter 2,
3 and 4. The uniform sediment experiments are described and analyzed in Chapter 2.
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The experiments with non-uniform sediment are illustrated and the results are
summarized in Chapter 3. The analysis of the time series of bed elevation change and the
proposed modeling framework of tracer stones dispersal are presented in Chapter 4. The
relevant results of the research effort and future research needs are summarized in
Chapter 5.
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CHAPTER 2

BEDLOAD TRANSPORT, BEDFORM GEOMETRY AND FLOW RESISTANCE OF UPPER
REGIME PLANE BEDS1

ABSTRACT
Upper regime plane bed-forms are important to the interpretation of the stratigraphic
record and the study of river floods, coastal storms and turbidity currents but how they
form remains poorly defined. Two different upper plane bed configurations are described
in the literature, one with long wavelength and small amplitude downstream migrating
bedforms, the other with nearly flat beds under a transport layer of colliding grains few
tens of grain diameters thick – the sheet flow layer. Our laboratory experiments studying
the interactions between flow hydrodynamics, mode of bedload transport and bedform
geometry characterize these upper regime plane bed configurations. The experiments
showed that in the absence of suspended load two upper plane bed configurations exist
for increasing values of the bed material transport capacity. The upper plane bed with
long wavelength and small amplitude bedforms occurs for a relatively small bed material
transport capacity.

As the bed material transport capacity increases, downstream

1 Ricardo Hernandez Moreira, Bradley J. Huffman, Drew Vautin, Christopher G. St. C.
Kendall and Enrica Viparelli. Submitted to Journal of Geophysical Research – Earth
Surface
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migrating antidunes form as a stable bed configuration. Further increasing the bed
material transport capacity, the bed flattens out and the sheet flow layer forms. This
change in bed configuration is associated with a change in the mode of bedload transport,
from standard bedload transport with a two-three grain diameter thick bedload layer to
bedload transport in sheet flow mode. Downstream migrating antidunes form during the
sheet flow layer development. Significant form drag is associated with the upper regime
bedforms observed in this study.

KEY POINTS
•

Two stable upper regime plane bed conditions exist and they differ for the bed
configuration and the mode of bedload transport

•

Downstream migrating antidunes represent a stable bed configuration in bedload
dominated systems

•

Significant form drag is associated with upper regime long wavelength and small
amplitude bedforms

2.1. INTRODUCTION
The interpretation of the stratigraphic record, field studies of modern sedimentary
systems and laboratory experiments reveal that the upper regime plane bed is
representative of flow and sediment transport conditions, such as river floods (Simons
and Richardson, 1962; Nnadi and Wilson, 1995), coastal storms [Bourgeois, 1980;
Ribberink and Al-Salem, 1995] and turbidity currents [Middleton, 1967; Sohn, 1999;
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Kostic, 2014], that are relevant to describe the evolution of sedimentary systems.
However the main characteristics of the upper regime plane bed are still poorly defined
and a represent a matter of debate.
Simons and Richardson [1962] defined the upper regime plane bed as the bed
configuration at the transition between the formation of dunes and antidunes. This upper
plane bed was associated with a relatively flat bed configuration and small flow
resistances compared to bed configurations with dunes and antidunes.

Subsequent

laboratory experiments [e.g. McBride et al., 1975; Bridge and Best, 1988; Paola et al.,
1989; Cheel, 1990; Best and Bridge, 1992] demonstrated that, as dunes were washed out,
downstream migrating long wavelength and small amplitude bedforms appeared on the
channel bed. In other words laboratory experiments revealed that the bed deposit of the
upper regime plane bed at the transition between dunes and antidunes was covered with
downstream migrating, long wavelength and small amplitude bedforms that were
responsible for the emplacement of parallel laminated units [Paola et al., 1989; Best and
Bridge, 1992].
According to Nnadi and Wilson [1995] and Sumer et al. [1996] among others, an
upper regime plane bed occurs when the bed is flat and the bed material is transported in
a sheet flow layer, which is a tens of grain diameters thick layer of colliding grains
[Wilson, 1987, 2005; Nnadi and Wilson, 1992, 1995; Bennett et al., 1997; Sumer et al.,
1996; Pugh and Wilson, 1999; Dohmen-Janssen et al., 2001; Dohmen-Janssen and
Hanes, 2002; Abrahams and Gao, 2006; Gao, 2008]. The sheet flow layer resembles the
expanded bed [Middleton, 1967] and the traction carpet [Sohn, 1997 and references
therein] introduced to describe the deposition of massive sandy turbidites.
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In summary, notwithstanding the numerous studies on bedforms in sedimentary
systems [see Southard, 1991 and Garcia 2008 for thorough reviews] the upper regime
plane bed remains poorly defined. In particular, two conflicting definitions have been
proposed, one describing a bed configuration with long wavelength and small amplitude
bedforms and the other with a sheet flow layer over a nearly flat bed [Bennett and Best,
1997; Nnadi and Wilson, 1997].
Noting that 1) in the Paola et al. [1989] and Best and Bridge [1992] upper regime
plane bed experiments part of the bed material was transported in suspension and part as
bedload transport in a layer that was few grain diameters thick and with negligible
particle-particle interaction; 2) in the Nnadi and Wilson [1995] and Sumer et al. [1996]
experiments the bed material was transported in a sheet flow layer; and 3) sheet flow is
expected to occur for values of the Shields number greater than 0.5-0.8 [Gao, 2008], we
hypothesize that the two upper regime plane bed conditions described in the literature
correspond to two different bed configurations associated with different modes of
bedload transport.
In particular, upper plane bed conditions with long wavelength and small amplitude
bedforms are associated with standard bedload transport, i.e. a mode of bedload
transport with negligible particle-particle interaction and a bedload layer that is few grain
diameter thick, while upper regime plane bed conditions with a flat bed are associated
with bedload transport in sheet flow mode, i.e. a mode of bedload transport with a near
bed layer of colliding particles that is tens of grain diameters thick. Further, we expect
that the transition from standard bedload transport to bedload transport in sheet flow
mode occurs for increasing values of the bed material transport capacity and, thus, of the
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bed shear stress associated with skin friction [Fernandez Luque and Van Beek, 1975;
Parker, 2008].
To test this hypothesis we performed laboratory experiments to study the interactions
between the flow, the mode of bedload transport and the bed configuration in upper
regime plane bed conditions, and to document the transition from upper regime with
standard bedload transport [e.g. Paola et al., 1989] to upper regime with bedload transport
in sheet flow mode [e.g. Sumer et al., 1996]. The experiments were performed in a
sediment feed flume with increasing values of the bedload transport capacity and with
medium sand to prevent bed material transport in suspension.
In the experiments the transition from upper plane bed with standard bedload
transport to upper plane bed with bedload transport in sheet flow mode occurred with the
formation of stable downstream migrating antidunes. In particular, the transition from
upper regime plane bed with standard bedload transport to upper regime plane bed with
sheet flow transport in sheet flow mode was characterized by a gradual increase in the
bedload layer thickness, corresponding to the development of the sheet flow layer. The
formation of the sheet flow layer was associated with a change in bedform geometry from
downstream migrating, long wavelength and small amplitude bedforms, to downstream
migrating antidunes, to a nearly flat bed.
This change in bedform geometry was associated with a gradual change in the flow
resistances. The roughness height was highest in the upper regime plane bed experiments
with standard bedload transport and was smallest in the upper regime plane bed
experiments with bedload transport in sheet flow mode. This change in roughness height

11

was due to the decrease in form drag during the transition from one upper regime
configuration to the other.

2.2. BACKGROUND INFORMATION ON SMALL SCALE BEDFORMS RELEVANT TO THE PRESENT
STUDY

Following Engelund and Hansen [1967] for a general review on the evolution of small
scale bedforms, i.e. bedforms with a height that is small compared to the water depth, we
consider an idealized unidirectional laboratory flume in which the velocity is gradually
increased. When the flow velocity is close to the threshold for the initiation of motion
and the sediment is finer than ∼0.6 mm [Parker, 2004] ripples may form and travel in the
downstream direction. Ripple are few centimeters high and their wavelengths are few
tens of centimeters long. Due to the relatively small wave height, these bedforms do not
interact with the water surface. When the sediment is coarser than ∼0.6 mm, ripples do
not form and the bed is said to be plane.
As the flow velocity increases, dunes form. In general, dunes are asymmetrical
bedforms with a relatively long and gently sloping stoss face and a steep downstream
migrating lee face [Blom et al., 2003; Kennedy, 1963]. Dunes are present in the vast
majority of sand bed rivers, they may be up to several meters high [Nittrouer et al., 2008]
and hundreds of meters long [Best, 2005]. Dunes weakly interact with the water surface,
with the flow accelerating on the crests with a reduction in the water surface elevation,
i.e. the water surface is out of phase with the bed [e.g. Parker, 2004].
If we further increase the flow velocity, the height of the sediment waves decreases
and the bed tends to flatten out [Kennedy, 1963] with the formation of downstream
12

migrating long wavelength and small amplitude bedforms [McBride et al., 1975; Bridge
and Best, 1988; Paola et al., 1989; Best and Bridge, 1992]. For another increase in flow
velocity nearly symmetrical bedforms called antidunes form [Kennedy, 1963; Engelund
and Hansen, 1967]. Antidunes heights and wavelengths are such that the bedforms
interact strongly with the water surface. The water surface is in phase with the sediment
waves, i.e. it is highest on the crest and lowest on the troughs. As the flow velocity
increases, the deformation of the water surface becomes so strong that breaking waves
may form [e.g. Kennedy, 1963].
Antidunes can migrate in the upstream and downstream direction [Reynolds, 1965;
Engelund, 1970; Fredsøe, 1974]. The observation of downstream migrating antidunes is
relatively common in experiments on density and turbidity currents [Spinewine et al.,
2009; Sequeiros et al., 2010] but, aside from the works of Kennedy [1960], Carling and
Shvidchenko [2002], Nunez-Gonzalez and Martin-Vide [2010; 2011] and Yokokawa et
al.[2011], we are not aware of other open channel flow experiments in which downstream
migrating antidunes represented a stable configuration of the alluvial deposit.
Cartigny et al. [2014] performed experiments with uniform fine sands (grain
diameters of 0.16 mm, 0.265 mm and 0.35 mm) in a sediment recirculating flume to
study the evolution of upper regime bedforms for increasing Froude numbers (flow
velocity) over a mobile bed. For the lowest Froude number (~0.7) upper regime plane
bed formed, but the authors do not describe the bed configuration or the mode of bedload
transport. However, the authors follow Simons and Richardson [1962] and define the
upper plane bed as a transitional region between dune and antidune bed configurations,
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we thus interpret their upper plane bed condition as upper plane bed with standard
bedload transport.
At relatively low Froude numbers trains of upstream migrating antidunes formed,
with the smallest wavelength bedforms occurring for the highest Froude numbers.
Further increasing the Froude number, antidunes evolved into chutes and pools and cyclic
steps, i.e. upstream migrating long wavelength and large amplitude bedforms
characterized by a hydraulic jump downstream of the lee face.

In summary, these

experiments showed that as the bed shear stress increases the bed configuration
transitions from upper plane bed with standard bedload transport, to downstream
migrating antidunes to cyclic steps.
In the chute and pools and cyclic step configurations Cartigny et al. [2014] observed
sediment transport in a traction carpet on the stoss side of the bedforms. This observation
suggests that bedload transport in sheet flow mode (sheet flow layer = traction carpet)
occurred at high Froude numbers and was associated with significant suspended bed
material transport and long wavelength upstream migrating bedforms. In other words,
upper regime plane bed with bedload transport in sheet flow mode was not observed in
upper regime experiments with fine sand and significant suspended transport.
Yokokawa et al. [2011] compiled a large series of experimental data to propose an
upper regime bedform phase diagram for antidunes and cyclic steps. The bedform
existence regions were defined as functions of the suspension index, equal to the ratio
between the shear velocity and the settling velocity, and the Froude number. When the
suspension index was smaller than 0.8-1 the bed material was preferentially transported
as bedload and downstream migrating antidunes formed. Upstream migrating antidunes
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occurred for slightly higher Froude numbers (Fr = 1.3-2.5) than downstream migrating
antidunes (Fr = 1-2) and for significant suspended transport of bed material, i.e.
suspension index greater than 1. Finally, cyclic steps formed in the case of suspended
bed material transport and very large Froude numbers (Fr = 2.5-3.5).

2.3. EXPERIMENTAL SETUP
The experiments were performed in the Hydraulics Laboratory of the Department of Civil
and Environmental Engineering of the University of South Carolina, in a 13 m long, 0.50
m wide and 0.70 m deep sediment feed flume with glass sidewalls (Figure 2.1). A 6.9 m
long and 0.19 m wide test reach was built with plywood. The flume cross section was
gradually reduced from 0.5 m to 0.19 m in the upstream most 2.0 m of the flume. This
width reduction was necessary to obtain upper regime conditions with high, but still
feasible, feed rates. The test reach started 2.0 m downstream of the flume entrance and
ended at the sediment trap.
The constant head tank of the laboratory supplied the flow to the flume. Flow rates
were measured with a calibrated orifice plate and a Dwyer 490-1 wet/wet digital
differential manometer. The water surface elevation downstream of the sediment trap
was controlled with a tailgate. Dry sediment was fed at a constant rate with a Schenck
Accurate 600 feeder. Water surface and bed surface elevation profiles were captured
with ruler readings through the glass flume wall. Bed configurations were characterized
by means of still photographs, time lapses and videos taken with a Nikon d3000 camera.
Details on the experimental setup are available through the wiki page of the Sediment
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Experimentalist Network (SEN) at http://sedexp.net/experiment/setting-hydraulicslaboratory-limited-resources.

2.3.1. EXPERIMENTAL DESIGN
The experimental design consisted in the identification of the sediment type, the flow and
the sediment feed rates that would have resulted in the upper regime plane bed
configuration characterized by standard bedload transport. Noting that 1) bedload
transport in sheet flow mode occurs at higher bed shear stresses than standard bedload
transport, 2) threshold conditions for the initiation of bedload transport in sheet flow
mode are poorly constrained, and 3) the available relations to predict bedload transport
rates underestimate the bedload transport in sheet flow mode [Wilson, 1987] and thus
cannot be used in the experimental design, we determined the flow rate that would have
resulted in upper plane bed with standard bedload transport for sediment feed rates up to
4 kg/min. We then gradually increased the sediment feed rate to 20 kg/min to document
the transition from standard bedload transport to bedload transport in sheet flow mode,
which occurs at higher transport capacities than the standard bedload transport.

2.3.1.1. Sediment design
We chose uniform sand with density equal to 2632 kg/m3, geometric mean diameter, Dg,
of 1.11 mm and geometric standard deviation of 1.44 mm. The sediment grain size
distribution is shown in Figure 2.2. This material was coarse enough to prevent the
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formation of ripples and limit the amount of suspended sediment at the relatively high
bed shear stresses typical of the upper regime.
Significant suspended sediment transport occurs when the ratio between the shear
velocity, and the fall velocity is greater than ~0.8 [e.g. Sumer et al., 1996]. The shear
velocity is defined as 𝑢∗ =

𝜏 ∗ 𝑅𝑔𝐷, where 𝜏 ∗ is the Shields number defined as

𝜏! 𝜌𝑅𝑔𝐷, with τb denoting the bed shear stress, ρ the water density, R the submerged
specific gravity of the sediment, g the acceleration of gravity and D the characteristic
sediment size. The fall velocity of the 1.11 mm sand in still water estimated with the
Dietrich [1982] relation is vs = 17 cm/s, and the threshold Shields number for significant
suspension is equal to 1.03. This value, which is larger than the threshold for the
initiation of bedload transport in sheet flow mode, 0.5-0.8 [Gao, 2008], allows us to
obtain bedload transport in sheet flow mode with negligible suspension.

2.3.1.2. Design of the experimental conditions
The design of the experiments was performed for mobile bed equilibrium conditions, i.e.
conditions of null net erosion or deposition on time scales that were long compared to
those of channel bed aggradation and degradation [Parker, 2008].

At mobile bed

equilibrium the flow could be approximated as steady and uniform and the calculation of
the flow parameters was relatively straightforward [Parker, 2004].
We used the Engelund [1966] and Vanoni [1974] bedform diagrams to identify the
flow rates and the sediment feed rates that would have resulted in upper regime plane bed
equilibrium conditions with standard bedload transport. In the Engelund [1966] bedform
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diagram, the bed configuration was predicted based on the ratio between the average flow
velocity U and u* and the Froude number defined as 𝐹𝑟 = 𝑈

𝑔𝐻, with H denoting the

flow depth. In the Vanoni [1974] diagram, the bed configuration was predicted based on
the Froude number and the ratio between the flow depth H and the characteristic
sediment size D.
For different combinations of flow and sediment feed rate, the parameters Fr, H/D, U
and u* were estimated as follows.
At mobile bed equilibrium in a sediment feed flume the sediment feed rate was equal
to the bedload transport capacity, thus 𝑢∗ was estimated from the Meyer-Peter and Muller
relation modified by Wong and Parker [2006] and the Ashida and Michiue relation
[Parker, 2008], which related the volumetric bedload transport capacity qb to the excess
∗
∗
Shields number 𝜏 ∗ − 𝜏!"#
, with 𝜏!"#
denoting a reference value of the Shields number

that varied from one bedload relation to the other [Parker, 2008].
In a 19 cm wide flume the different roughness between the smooth sidewalls and the
rough bed was likely to be significant, thus 𝑢∗ had to be interpreted as a sidewall
corrected shear velocity [Vanoni and Brooks, 1957]. It could thus be used to enter the
Engelund [1966] diagram, but could not be directly used to estimate U and H.
We estimated U and H following the inverse of the Vanoni and Brooks [1957]
sidewall correction procedure as outlined in Viparelli et al. [2015]. These calculations
were performed with a roughness height ks equal to 2Dg (i.e. no form drag) in the
Manning-Strickler formulation for the flow resistances on the rough bed, and with the
Nikuradse relation to compute the friction coefficient for the smooth flume sidewalls.
The assumption of negligible form drag was justified in the experimental design because
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1) predictors to compute the partition between skin friction and form drag in the upper
regime plane bed were not available in the literature [Best and Bridge, 1992], and 2) it is
commonly assumed that form drag is negligible in upper regime plane bed configurations
[e.g. Parker, 2004].
This exercise showed that we expected upper plane bed conditions with standard
bedload transport for values of the mass sediment feed, Gs, rate between 0.5 kg/min and 4
kg/min and a flow rate, Q, of 30 l/s.
We thus performed 13 experimental runs with a flow rate of 30 l/s and sediment feed
rates varying between 0.5 kg/min and 20 kg/min to study the transition from upper
regime plane bed with standard bedload transport (Gs ≤ 4 kg/min) to upper regime plane
bed with bedload transport in sheet flow mode. To further investigate the effect of the
flow depth on the bed configuration we performed three runs with a flow rate of 20 l/s
and feed rates equal to 1.5 kg/min, 8 kg/min and 16 kg/min.
To unambiguously refer to each experimental run in the continuing of this paper we
use the shorthand GsQ; for example, to refer to the 30 l/s, 8 kg/min run we use the
notation 830.

2.4. EXPERIMENTAL PROCEDURE
The study of the upper regime bed configurations for increasing values of the bedload
transport capacity presented herein is performed at mobile bed equilibrium, i.e. when the
flow hydrodynamics, the bed configuration and the mode of bed material transport did
not change in space and time over time scales that are long compared to those that
characterize bedform migration.

The measurements of water depth, bed slope and
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bedform geometry reported below have to be interpreted as temporal averages over a
series of bedforms.
Noting that in a sediment-feed flume mobile bed equilibrium was independent from
the initial conditions [Parker and Wilcock, 1993], the initial condition of each experiment
was either the equilibrium deposit obtained at the end of the previous experiment or a
non-equilibrium deposit obtained by eroding the topmost part of an equilibrium bed.
These initial conditions were chosen to reduce the duration of each experiment and to
control the sediment volumes that had to be dried in the laboratory and they did not have
any influence on the measurements and the observation discussed below.
Water surface and bed elevation profiles were periodically measured with ruler
readings at 15 to 30 minute intervals, with higher feed rate experiments warranting more
frequent measurements. Due to the presence of a column next to the flume, we imposed
a maximum distance of 15 cm and a minimum distance of 5 cm between two consecutive
readings. When the elevations and slopes of the water surface and of the bed profiles did
not change significantly in time, we assumed that the system had reached conditions of
mobile bed equilibrium.
Example of equilibrium profiles for the experiments 1.530, 830 and 1630 are presented
in Figure 2.3a, b and c respectively, where the blue dots and lines pertain to water surface
elevation data and the black dots and lines describe the bed elevations. As expected, the
higher the sediment feed rate, the steeper the bed slope was and the shallower the water
depth became.

A careful look at Figure 2.3 reveals that the scatter between the

measurements of bed elevation is larger than the scatter of the water surface elevation
measurements. This is only partially due to the difficult measurement of the mobile bed
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elevation, it is also the consequence of the presence of downstream migrating bedforms
on the bed deposit.
When the system reached conditions of mobile bed equilibrium, water temperature
was measured as an input for the jsr sonar system [Wong et al., 2007], with which
instantaneous measurements of bed surface elevations were taken at six locations along
the centerline of the flume. The analysis of the time series of bed elevation goes well
beyond the scope of the present paper and will be presented in a separate manuscript.
Photographs were taken through the glass side-windows of the flume, sometimes during
the experiment and other times after the flow had been stopped. Videos and time lapse
images were recorded for some experiment runs through the glass side windows as well.
The complete dataset is available through the SEAD repository through the assistance of
SEN and the temporary doi is http://doi.org/10.5072/FK2G44PS74.

2.5. EXPERIMENTAL RESULTS
The experimental results presented herein refer to conditions of mobile bed equilibrium.
In other words, data describing the evolution from one equilibrium state to the other are
not discussed because they do not necessarily represent a stable bed configuration. In the
interpretation of the experimental results it has to be born in mind that two runs with the
same feed rate have the same the bed shear stresses associated with skin friction, but the
form drag may be different because it depends on the bed configuration [e.g. Parker,
2008 and references therein].
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2.5.1. EXPERIMENTS WITH A FLOW RATE OF 30 L/S
Photographs of the equilibrium bed deposit for the experiments with flow rate of 30 l/s
are shown in Figure 2.4. In the experiments 0.530 - 430, the bed configuration was
characterized by mostly asymmetrical triangular bedforms with a long, mildly sloping
stoss face and a short, steep lee face (Figure 2.4a-b). The sediment transport mode was
standard bedload transport with a bedload layer about 3Dg thick.
Due to the relatively high bed shear stresses, the bedload transport at the brinkpoint,
i.e. the point separating the stoss face from the lee face, was not entirely trapped on the
lee face, as observed dune experiments [e.g. Blom et al., 2003]. Part of the brinkpoint
bedload transport was deposited on the stoss face of the next bedform downstream. As
the transport rate increased, the portion of the brinkpoint bedload transport deposited on
the lee face became smaller. A flow separation region was clearly visible immediately
downstream of the lee face (video 1a - 0.530 - and 1b – 430 - of the online supplementary
material). In this region, as well as slightly downstream of it, bedload transport was
greatly reduced.
The bedforms migrated downstream in trains of varying size and celerity. Small
bedforms superimposed on the large bedforms were observed in these runs. The small
bedform celerity was significantly higher than the celerity of the large bedform, so that
the small bedform relatively rapidly reached the large bedform brinkpoint and merged
into an even larger bedform. The observed celerity of the largest bedforms was in the
order of several millimeters per second.
As the bedload transport rate increased to 8 kg/min, the mode of bedload transport
changed. Standard bedload transport was observed in the runs up to 430. The thickness

22

of the bedload transport layer rapidly increased in the 630 and 830 runs, identifying the
transition from the standard bedload transport to bedload transport in sheet flow mode.
The transition from standard bedload transport to bedload transport in sheet flow
mode was associated with a change in bedform shape (Figure 2.4c-d). The bedform
wavelength decreased and the separation between the stoss and the lee face became more
gradual resulting in more rounded bedforms, i.e. bedforms with a somewhat poorly
defined brinkpoint. The flow separation zone downstream of the rounded bedforms was
less evident than in the case of triangular bedforms and the majority of the sediment
reaching the bedform crest was deposited on the next bedform downstream (video 2 of
the online supplementary material).
As we further increased the sediment transport rate from 8 kg/min to 20 kg/min, the
bedforms flattened out. Undulations with heights on the order of 2Dg and wavelengths
on the order of several tens of centimeters characterized the bed surface (Figure 2.4e-f).
The mode of bedload transport was sheet flow with a transport layer several grain
diameters thick. The maximum bedload layer thickness was approximately 18Dg and it
was observed during the highest feed rate run.
In all the runs with a flow rate of 30 l/s the bedforms migrated downstream, and the
water surface sometimes was in phase with the channel bed. When bedforms were
present, there were observable zones of flow separation that became less evident as either
the height of the bedforms decreased and/or their shape became more rounded and
symmetric.
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2.5.2. EXPERIMENTS WITH A FLOW RATE OF 20 L/S
This set of experiments was characterized by three feed rates, each deemed to be
representative of upper regime conditions with mode of bedload transport ranging from
standard bedload transport to bedload transport in sheet flow mode. These experiments
were performed to study the effects of a reduction in water depth on the equilibrium bed
configuration.
Photographs of equilibrium bed configurations are shown in Figure 2.5a–c. In the
1.520 experiment, the bedforms were asymmetrical with a long, mild sloped stoss, a short
steep lee face and a rounded transition between the two (Figure 2.5a). A zone of flow
separation was visible downstream of the lee face (video 3 of the online supplementary
material). Sediment was transported in standard bedload transport mode on the stoss
faces and the thickness of the bedload transport layer was about 2Dg. As in the 30 l/s
runs with triangular bedforms, part of the sediment was trapped on the lee faces and part
was deposited on the stoss side of the next bedform downstream.
In the 820 run symmetric, rounded bedforms formed and migrated downstream
(Figure 2.5b). These bedforms had larger amplitudes but smaller wavelength than the
bedforms observed in experiment 1.520. Flow separation seldom occurred downstream of
the highest bedforms. In the 820 experiment the water surface was consistently in phase
with the bed surface, as documented in video 4 of the online supplementary material.
The thickness of the bedload layer was approximately 7Dg, denoting a transition from
standard bedload transport to bedload transport in sheet flow mode.
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At the highest transport rate the bed was undulated with wavelengths of about 70 cm,
and heights of about 5Dg

(Figure 2.5c).

The thickness of bedload layer was

approximately 15Dg with the main mode of transport being sheet flow.
The long wavelength, small amplitude bedforms described herein for feed rates
smaller than 4 kg/min and flow rates of 30 l/s and 20 l/s are similar to those observed and
described by Guy et al. [1966] at the transition between dunes and antidunes, by Paola et
al. [1989] and by Bridge and Best [1988].

The comparison between the bedforms

observed in the 1.520, 1.530, 820 and 830 experiments suggests that as the flow depth
decreases, the bedforms become rounder and their interaction with the free surface
becomes more evident than in experiments with the same bedload transport capacity and
larger flow depths.

2.5.3. QUANTIFICATION OF THE EXPERIMENTAL OBSERVATIONS
The experiments are quantitatively summarized in Table 2. 1. The experiment name is
reported in column 1. Columns 2 through 6 summarize the observed parameters. Mean
flow depth H and slope S (column 2 and 3) are computed averaging the measurements
over the equilibrium profiles. The bedform height ∆, wavelength λ, and the thickness of
the bedload transport layer Lt are reported in columns 4, 5, and 6, respectively. They
were measured from ruler readings or from videos and photographic documentation.
Columns 7 and 8 show respectively the mean flow velocity U = Q/BH and the Froude
number Fr. Columns 9 and 10 summarize the sidewall corrected flow parameters
[Vanoni and Brooks, 1957; Viparelli et al., 2015] in terms of the composite roughness
height kc and the sidewall corrected Shields number 𝜏!∗ . Columns 10 through 14
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∗
summarize the flow parameters associated with skin friction, the Shields number 𝜏!"
, the

flow depth Ho, i.e. the flow depth on a flat bed having the same microscopic roughness
and slope of the measured bed profile, the dimensionless bedform wave number k =
2πHo/λ, and the Froude number associated with the equivalent flat bed Fro.

2.5.3.1. Flow Resistances
The experiments presented herein, as well as those performed by Guy et al. [1966],
McBride et al. [1975], Bridge and Best [1988], Paola et al. [1989], Cheel [1990] and Best
and Bridge [1992] among others, reveal that the bed configuration known as upper plane
bed associated with standard bedload transport is characterized by downstream migrating,
small amplitude and long wavelength bedforms. As shown in the supplementary videos
1a, 1b, and 2, flow separation occurs on the lee face of the asymmetrical bedforms that
characterized the equilibrium deposits at relatively low transport rates.

It is thus

reasonable to expect that form drag should not be neglected in the calculation of the flow
resistances.

In other words, due to the presence of the small amplitude and long

wavelength bedforms, the common assumption that in upper plane bed regime the flow
resistances are associated with the presence of a granular bed only, i.e. no form drag [e.g.
Simons and Richardson, 1962; Engelund and Hansen, 1967; Julien and Raslan, 1998;
Nnadi and Wilson, 1995], may not be appropriate [Best and Bridge, 1992].
To our knowledge, the only attempt to quantify the form drag associated with the
long wavelength and small amplitude bedforms in upper plane bed is that of Kishi [1979]
who used some of Guy et al. [1966] data to identify two flow resistance regimes at the
transition from dunes to antidunes. One regime was characterized by negligible form drag
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and the other regime had a form drag that varied with 𝜏!∗ and the non-dimensional flow
depth H/D. The analysis by Kishi [1979], however, was performed for values of H/D >
200 and for experiments with significant suspended transport. This analysis did not
strictly apply to the experimental conditions considered herein, where H/D < 200 and the
mode of bed material transport was bedload.
To determine if form drag was significant in the upper regime when H/D < 200, we
performed a decomposition between skin friction and form drag for our experimental
data, for Kennedy [1960] and Guy et al. [1966] antidune, plane bed and transitional
experiments. The plane bed Guy et al. [1966] data with Fr < 0.6 were not considered in
the analysis because they pertained to lower regime conditions [Carling and
Shvidchenko, 2002].
We estimated the hydraulic radius for the bed region Rhb, the sidewall corrected bed
friction coefficient Cfb following the Vanoni and Brooks [1957] procedure to remove the
sidewall effects. The roughness height was then computed with the Keulegan relation as
!!.!
𝑘! = 11𝑅!! exp 𝜅𝐶!"
, where the subscript c denoted a composite (skin friction and

form drag) roughness height and the von Karman constant κ was set equal to 0.41
[Parker, 2004]. The non-dimensional roughness height, kc/D is plotted against the Froude
number in Figure 2.6a where the black diamonds refer to our experiments (Table 2. 1,
columns 9 and 10), the white diamonds refer to the Guy et al. [1966] experiments at the
transition between dunes and upstream migrating antidunes, the white circles denote Guy
et al. [1966] plane bed configurations, the grey triangles pertain to Guy et al. [1966]
antidune beds, the white squares and triangles are the Kennedy [1960] data for plane bed
and for downstream migrating dunes weakly coupled with the water surface (interpreted
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here as transitional between dunes and antidunes) and the grey squares are Kennedy
[1960] antidune data. In Figure 2.6a kc/D varies over several orders of magnitude,
decreases for increasing Fr and it is generally larger than 2Dg. Thus, following Engelund
and Hansen [1967] and Sumer et al. [1996], we assumed a roughness height associated
with skin friction equal to 2Dg in the calculation to partition the flow resistances between
skin friction and form drag.
The results of the flow resistance partition between skin friction and form drag are
reported in Figure 2.6b with the same symbols of Figure 2.6a to distinguish between
different experimental datasets. Figure 2.6b is analogous to the Engelund and Hansen
[1967] resistance diagram for the flow partition in the dune and antidune regimes. The
∗
sidewall corrected Shields number associated with skin friction 𝜏!"
is on the horizontal

axis and the total sidewall corrected Shields number 𝜏!∗ is on the vertical axis. For
reference, the Engelund and Hansen criterion to partition between skin friction and form
drag in the dune regime is represented with a continuous line, and the dashed line denotes
∗
the condition with no form drag, 𝜏!∗ = 𝜏!"
. Engelund and Hansen also provide a graphic

criterion to estimate the form drag in the case of antidunes but due to the lack of a
functional relation we do not report it in Figure 2.6b.
The difference between Figure 2.6b and the Engelund and Hansen [1967] diagram is
that our figure contains the Guy et al. [1966] experimental data at the dune/antidune
transition, which were neglected in the Engelund and Hansen [1967] study, the Kennedy
[1960] data and it focuses on the upper regime only.
The skin friction/form drag partition in our experiments is similar to the partition of
Guy et al. [1966] and Kennedy [1960] transitional and plane bed experiments, confirming
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that these experiments had similar bed configurations and that, as observed by Best and
Bridge [1992], form drag is non-negligible in upper regime plane bed at the transition
between dunes and antidunes.
Following observations by Kishi [1979] that the flow resistances in upper plane bed
depend on the flow depth H and the grain diameter D, and noting that the nondimensional roughness height decreases with increasing Froude numbers (Figure 2.6a),
we found a reasonable collapse of our upper plane bed data when the fraction of bed
∗
shear stress associated with skin friction 𝜑 = 𝜏!"
𝜏!∗ is computed as a function of the non

dimensional group 𝐹𝑟 𝐻 𝐷

!.!"

. The data collapse is presented in Figure 2.6c where we

used the same symbols of Figure 2.6a-b to distinguish between our experiments, the Guy
et al. and the Kennedy experiments. The continuous black line of Figure 2.6c represents a
linear function linking the fraction of the bed shear stress associated with skin friction
with the Froude number and the ratio H/D. This function takes the form
𝜑=

0.2𝐹𝑟 𝐻 𝐷
1

!.!"

if 𝐹𝑟 𝐻 𝐷
if 𝐹𝑟 𝐻 𝐷

!.!"
!.!"

<5
≥5

(2.1)

The dot lines in Figure 2.6c represent the ±30 % interval around equation (2.1).
Equation (2.1) predicts the fraction of bed shear stress associated with skin friction
reasonably well for all our experimental runs but 1030, which was characterized by
relatively high bedforms.
The Guy et al. [1966] and the Kennedy [1969] points were not used in the regression
analysis, and are used to test equation (2.1) with upper regime conditions (Figure 2.6c).
The majority of Guy et al. [1966] and Kennedy [1960] transitional and plane bed points
fall between the ±30 % interval showing that equation (2.1) provides a reasonable
estimate of the form drag for upper regime downstream migrating bedforms.
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As

expected, equation (2.1) does not interpret the points representing bed configurations
with upstream migrating antidunes. In particular, equation (2.1) tends to systematically
underestimate the flow resistances associated with form drag in the case of upstream
migrating antidunes.

2.5.3.2. Mode of bedload transport and bedform geometry
The variability in bedload transport layer thickness and bedform geometry for increasing
bedload transport rates is quantitatively described in Figure 2.7, where we present the
bedload layer thickness, Lt (Figure 2.7a), the bedform height ∆ (Figure 2.7b), the
bedform wavelength, λ (Figure 2.7c), and the bedform aspect ratio ∆/λ (Figure 2.7d) as
∗
functions of 𝜏!"
, which is the primary non-dimensional hydraulic parameter in the

majority of the bedload transport relations [Fernandez Luque and Van Beek, 1976;
Parker, 2008] and thus is a reasonable parameter to describe the transition from standard
bedload transport to bedload transport in sheet flow mode.
In this figure the black squares denote the 20 l/s experiments, the black diamonds the
30 l/s experiments and the dashed lines identify the transition region between the upper
plane bed with standard bedload transport and the upper plane bed with bedload transport
∗
in sheet flow mode. The lower limit of this transition region corresponds to 𝜏!"
= 0.3 and
∗
the upper limit is defined for 𝜏!"
= 0.5.
∗
For 𝜏!"
< 0.3 the bedload layer thickness is constant and equal to 2-3Dg (Figure 2.7a),

the bedform height remains nearly constant (Figure 2.7b) and the wavelength decreases
∗
∗
for increasing values of 𝜏!"
(Figure 2.7c). For 𝜏!"
> 0.3 the bedload layer thickness and

the bedform wavelength monotonically increase, with the bedload layer thickness
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∗
reaching ~10Dg when 𝜏!"
= 0.5, i.e. Gao’s [2008] threshold for the initiation of bedload
∗
transport in sheet flow mode. The bedform height slightly increases when 0.3 < 𝜏!"
< 0.5
∗
and the bedforms rapidly flatten out when 𝜏!"
approaches the value of 0.5. The aspect
∗
ratio ∆/λ (Figure 2.7d) increases when 𝜏!"
< 0.3 due to the reduction in bedform

wavelength with nearly constant height, remains constant in the transition region and
∗
suddenly decreases when 𝜏!"
≥ 0.5 and a well defined sheet flow layer forms.

The observed change in bedform geometry associated with the development of the
sheet flow layer documented in Figure 2.7 confirms that form drag decreases for
∗
increasing transport capacities. As 𝜏!"
increases, Fr(H/D)0.25 increases, the sheet flow

layer develops, the bed surface flattens out and the fraction of the flow resistances
associated with form drag tends to zero.

2.6. DISCUSSION ON BEDFORM CLASSIFICATION
To classify the bedforms observed during our experiments we plotted our data using the
Engelund [1970] stability diagram and we compare them with the experiments of Guy et
al. [1966] and Kennedy [1960]. The Engelund [1970] stability diagram Figure 2.8, has
the non-dimensional wave number k on the horizontal axis and the Froude number Fro on
the vertical axis. As in Figure 2.6, the black diamonds represent our experimental points,
the white diamonds and circles respectively are Guy et al. [1966] transitional and plane
bed experiments and the grey triangles and squares respectively refer to the Guy et al.
[1966] and the Kennedy [1960] antidune data. The dashed line with equation 𝐹𝑟! =
tanh 𝑘 𝑘 separates the lower regime from the upper regime. The continuous line
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with equation 𝐹𝑟! =

1 𝑘tanh(𝑘), separates upper regime configurations with upstream

and downstream migrating bedforms [Engelund, 1970].
The experiments with feed rates smaller than 3 kg/min and the transitional
experiments performed by Guy et al. [1966] are in proximity of the curve separating the
lower from the upper regime. This confirms our interpretation that in our low feed rate
runs the bed configuration was at the transition from the dune to the antidune regime, and
that these runs were representative of upper plane bed with standard bedload transport
[Simons and Richardson, 1962].
As the feed rate increase from 3 kg/min to 12 kg/min the experimental points occupy
an area of the stability diagram that corresponds to downstream migrating upper regime
bedforms and, to our knowledge, these conditions were not observed in many other open
channel flow laboratory experiments [Carling and Shvidchenko, 2003, Nunes-Gonzales
and Martin-Vide, 2010, 2011; Yokokawa et al., 2011]. The small amplitude bedforms in
this region are downstream migrating antidunes [Engelund and Fredsøe, 1982].
The comparison between our downstream migrating antidunes with the Guy et al.
[1966] and the Kennedy [1960] antidunes reveals that
1) The Froude numbers are in the same range, 0.77–1.25 for our experiments, 0.83–
1.7 for Guy et al. [1966] and 0.70-2.34 for Kennedy [1960];
2) The ratio between the water depth and the sediment size H/D is larger in the Guy et
al. [1966] experiments (190-1075) and in the Kennedy [1960] experiments (52-455) than
in our experiments (81–147);
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3) Downstream migrating antidunes form for values of u*/vs < 1, i.e. negligible
suspended bed material transport, while upstream migrating antidunes in experiments
with significant bed material transport in suspension;
4) The ratio between the average flow depth and the antidune height is slightly larger
in our experiments (2-5.9 with an average of 3.8) than in the Guy et al. [1966]
experiments (1.24-12.6 with an average of 3 and 90% of the runs with H/∆ smaller than
2.7); and
5) The aspect ratio λ/∆ of our antidunes (10-24) is smaller than λ/∆ of Guy et al.
[1966] antidunes (14.3–68).
In summary, the comparison between upstream and downstram migrating antidunes
in open channel flow experiments reveals that 1) they occur for the same range of Froude
numbers, 2) antidunes migrate downstream in the case of negligible suspension of bed
material, 3) H/∆ is, on average, smallest in the case of upstream migrating antidunes, and
4) λ/∆ is largest in the case of upstream migrating antidunes. The same differences
between upstream and downstream migrating antidunes were observed in experiments on
bedload transport driven by saline currents [Spinewine et al., 2009; Sequeiros et al.,
2010].
Finally, the points pertaining to the experiments with bedload transport in sheet flow
mode - 2030, 1630 and 1620 - fall on the curve separating upstream and downstream
migrating antidunes, suggesting that the upper plane bed with bedload transport in sheet
flow mode can be interpreted as a stable bed configuration separating the region with
upstream migrating bedforms from the region with downstream migrating bedforms.
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Additional experiments on sheet flow transport are needed to thoroughly test this
hypothesis.

2.7. CONCLUSIONS
The flume experiments we performed were specifically designed to study the transition
from upper regime plane bed with standard bedload transport to upper regime plane bed
with bedload transport in sheet flow mode. The main experimental are summarized as
follows:
1) The transition is characterized by a gradual increase in the thickness of the bedload
∗
layer for 𝜏!"
> 0.3. The development of the sheet flow layer is associated with changes
∗
in bedform geometry. Bedform wavelengths gradually decrease when 𝜏!"
≤ 0.3, and
∗
gradually increase for 𝜏!"
> 0.3. Bedform heights rapidly drop when the sheet flow
∗
layer is fully developed - 𝜏!"
> 0.5;
∗
2) In the transition region, i.e. when 0.3 < 𝜏!"
< 0.5, downstream migrating

antidunes represent a stable bed configuration in open channel flow experiments with
mobile bed and negligible suspended transport;
3) In the upper plane bed regime with standard bedload transport, form drag should
not be neglected in the calculations of flow resistances;
4) The comparison between downstream and upstream migrating antidunes in open
channel flow experiments reveals that a) they occur in the same range of Froude
numbers, b) they migrate downstream when suspended bed material transport is
negligible, c) downstream migrating antidunes are characterized by larger values of the
ratio between flow depth and bedform height, and d) the aspect ratio of the dowsntream
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migrating antidunes is smaller than in the case of upstream migrating bedforms. The
same qualitative observations characterized downstream and upstream migrating
antidunes observed in laboratory experiments on bedload transport driven by density
currents [Spinewine et al., 2009; Sequeiros et al., 2010];
5) Upper plane bed with bedload transport in sheet flow mode can be interpreted as a
stable bed configuration that separates upstream and downstream migrating antidunes in
systems with relatively coarse bed material [Yokokawa et al., 2011; Cartigny et al., 2014]
The results presented herein represent the foundational step to characterize and
quantify the bed configuration and the bedload transport regime at the relatively high bed
shear stress in terms of flow resistances, bed configuration and modes of bedload
transport. The high stress conditions considered herein are representative of events that
may characterize river floods, coastal storms and turbidity currents. Future work is
needed to investigate how the bed configuration and the mode of bedload transport
change in the presence of sediment mixtures and how bedform geometry and mode of
bedload transport influence the fine structure of the deposit.
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2.10. FIGURE CAPTIONS
Figure 2.1. Schematic drawing, not to scale, of the experimental flume.
Figure 2.2. Sediment size distribution.
Figure 2.3. Equilibrium longitudinal profiles of water surface (blue triangles) and bed
(black triangles) elevation measured in runs 1.530, 830 and 1630. The lines are the trend
lines used to estimate the slopes.
Figure 2.4. Pictures of the equilibrium bed deposit in the 30 l/s experiments.
Figure 2.5. Pictures of the equilibrium bed deposit in the 20 l/s experiments.
Figure 2.6. Quantification of the flow resistances. a) Non-dimensional composite
roughness height, the continuous line corresponds to kc/D = 2. b) Partition between skin
friction and form drag, the continuous line is the Engelund and Hansen dune form drag
predictor and the dashed line denotes no form drag conditions. c) Proposed form drag
predictor for upper plane bed conditions, the continuous line represents equation (1), the
dotted lines identify a ±30% region around the proposed predictor. The black diamonds
are our experimental data, the white diamonds and triangles respectively are the Guy et
al. [1966] and Kennedy [1960] transitional data, the white circles and squares are the Guy
et al. [1966] and the Kennedy [1960] plane bed data, the grey triangles are the Guy et al.
[1966] antidune data and the grey squares are the Kennedy [1960] antidune data.
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Figure 2.7. Quantification of the bedform geometry as a function of the Shields
number associated with skin friction. The diamonds refer to the 30 l/s experiments and
∗
the squares to the 20 l/s experiments. The vertical dashed lines at 𝜏!"
= 0.3 and at
∗
𝜏!"
= 0.5 identify the limits of the transition zone from standard bedload transport to

bedload transport in sheet flow mode. a) Non-dimensional bedload layer thickness. b)
Bedform height. c) Bedform wavelength. d) Bedform aspect ratio.
Figure 2.8.

Bedform stability diagram [Engelund, 1970].

The black diamonds

represent our experimental data, the white diamonds and triangles are the Guy et al.
[1966] and the Kennedy [1960] transitional data, the white circles are the Guy et al.
[1966] upper plane bed data, the grey triangles are the Guy et al. [1966] antidune data and
the grey squares are the Kennedy [1960] antidune data.

44

2.11. FIGURES

Figure 2.1. Schematic drawing, not to scale, of the experimental flume.
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Figure 2.2. Sediment size distribution.
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Figure 2.3. Equilibrium longitudinal profiles of water surface (blue triangles) and bed
(black triangles) elevation measured in runs 1.530, 830 and 1630. The lines are the trend
lines used to estimate the slopes.
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Figure 2.4. Pictures of the equilibrium bed deposit in the 30 l/s experiments.
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Figure 2.5. Pictures of the equilibrium bed deposit in the 20 l/s experiments.
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Figure 2.6 Quantification of the flow resistances. a) Non-dimensional composite
roughness height, the continuous line corresponds to kc/D = 2. b) Partition between skin
friction and form drag, the continuous line is the Engelund and Hansen dune form drag
predictor and the dashed line denotes no form drag conditions. c) Proposed form drag
predictor for upper plane bed conditions, the continuous line represents equation (1), the
dotted lines identify a ±30% region around the proposed predictor. The black diamonds
are our experimental data, the white diamonds and triangles respectively are the Guy et
al. [1966] and Kennedy [1960] transitional data, the white circles and squares are the Guy
et al. [1966] and the Kennedy [1960] plane bed data, the grey triangles are the Guy et al.
[1966] antidune data and the grey squares are the Kennedy [1960] antidune data.
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Figure 2.7. Quantification of the bedform geometry as a function of the Shields number
associated with skin friction. The diamonds refer to the 30 l/s experiments and the
∗
∗
squares to the 20 l/s experiments. The vertical dashed lines at 𝜏!"
= 0.3 and at 𝜏!"
= 0.5
identify the limits of the transition zone from standard bedload transport to bedload
transport in sheet flow mode. a) Non-dimensional bedload layer thickness. b) Bedform
height. c) Bedform wavelength. d) Bedform aspect ratio.
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Figure 2.8. Bedform stability diagram [Engelund, 1970]. The black diamonds represent
our experimental data, the white diamonds and triangles are the Guy et al. [1966] and the
Kennedy [1960] transitional data, the white circles are the Guy et al. [1966] upper plane
bed data, the grey triangles are the Guy et al. [1966] antidune data and the grey squares
are the Kennedy [1960] antidune data.
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2.12. TABLE
Table 2.1. Summary of the experimental observations at equilibrium with H denoting the
flow depth, S the bed slope, Δ the bedform height, λ the bedform wavelength, Lt the
thickness of the bedload layer, U the mean flow velocity, Fr the Froude number, kc the
composite roughness height, τ*b the sidewall corrected Shields number, τ*bs the sidewall
corrected Shields number associated with skin friction, Ho the water depth of the
associated flat bed with skin friction (ks = 2Dg), k is the non-dimensional wave number
and Fro is the Froude number of the associated flat bed.
Run

H

S

cm

Δ

λ

mm

m

1.520 13.0 0.0074 38 0.78

Lt

U

Fr

mm m/s

kc

τ*b

τ*bs

Ho

k

Fro

mm

cm

2

0.81 0.72 21.3 0.40 0.20

9.4

0.76 0.85

3

820

9.0

0.0144 45 0.45

1.17 1.25 5.7 0.55 0.41

7.5

1.04 1.37

1620

7.2

0.0219 10 0.70 15 1.47 1.76 2.4 0.67 0.67

6.6

0.59 1.84

-

0.68 0.45 45.6 0.33 0.13 15.0

1.10 0.56

21.3 0.0050 38 0.86

-

0.74 0.51 50.7 0.42 0.16 13.8

1.01 0.64

1.530 20.1 0.0059 40 0.77

3

0.79 0.56 48.4 0.47 0.18 13.1

1.07 0.69

18.2 0.0067 35 0.62

-

0.87 0.65 30.1 0.48 0.22 12.5

1.27 0.79

2.530 17.2 0.0076 35 0.52

3

0.92 0.71 28.2 0.53 0.24 12.0

1.45 0.85

0.530 23.3 0.0037 43 0.86
130

230

330

16.2 0.0079 40 0.46

-

0.97 0.77 18.2 0.50 0.27 11.7

1.60 0.91

430

16.2 0.0081 28 0.38

3

0.98 0.78 19.4 0.52 0.27 11.7

1.94 0.91

630

13.9 0.0103 39 0.42

5

1.14 0.97 10.2 0.56 0.36 10.7

1.61 1.11

830

13.3 0.0119 38 0.43

7

1.19 1.04 10.7 0.63 0.40 10.3

1.51 1.18

1030 11.9 0.0138 25 0.60 10 1.32 1.22 6.0 0.65 0.49

9.7

1.02 1.35

1230 12.5 0.0166 46 0.50 15 1.26 1.14 17.1 0.88 0.48

9.3

1.17 1.32

1630 11.0 0.0170

4

0.80 17 1.43 1.37 5.6 0.75 0.75

9.9

0.78 1.45

2030 10.1 0.0215

4

0.85 20 1.57 1.58 4.9 0.89 0.89

9.1

0.67 1.66
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CHAPTER 3

MASSIVE UNITS EMPLACED BY BEDLOAD TRANSPORT IN SHEET FLOW MODE2
ABSTRACT
The study of turbidity current, coastal storm and tsunami deposits is the key to
understanding the physical processes governing sediment transport, erosion and
deposition in submarine settings, to the reconstruction of global paleoclimate and
paleoflow, to the exploration of hydrocarbon reservoirs and to the prediction of natural
hazards associated with earthquake and landslide induced tsunamis. Although generated
by very different flows, a common feature of these deposits is a basal erosional layer
underlying a sandy massive unit, i.e. a unit lacking internal structure including parallel or
cross lamination. The emplacement of these basal massive units was thought to be the
result of a relatively rapid deposition of suspended sediment. Here we present the results
of laboratory experiments that demonstrate these basal massive units are not necessarily
deposited by suspended transport. A thick bedload layer of colliding grains – the sheet
flow layer – can also deposit sandy massive units in shallow and deep water settings. In
systems transporting medium to coarse sand and pea gravel, bedload transport in sheet
flow mode occurs for bed shear stresses that are significantly smaller than those predicted

2

Ricardo Hernandez Moreira, Sadegh Jafarinik, Sydney Sanders, Bradley Huffman,
Christopher G. St. C. Kendall, Gary Parker, Enrica Viparelli. In preparation for
submission.
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with suspension-based models. Thus, suspension-based models may overestimate the bed
shear stresses and misrepresent the characteristics of the flow.

3.1. INTRODUCTION
Relatively common to the submarine setting are depositional sequences that begin with a
lower erosional boundary followed in ascending order by a either a graded or an
inherently massive basal unit, a relatively coarse parallel laminated unit, a cross
laminated unit, a relatively fine parallel laminated unit, and a capping layer of massive
mud. These sequences contain sediments deposited during storms in relatively shallow
water settings1,2, tempestites, or sediments deposited by turbidity currents, turbidites3,4.
In the case of turbidites the sequence corresponds to the classical Bouma sequence3,
which is characteristic of deposits emplaced under decelerating flow conditions5. A very
similar sequence was defined by Walker et al.6 to interpret storm deposits emplaced
under “decreasing rates of deposition and increasing importance of wave reworking in a
waning flow”6. In the same paper, Walker et al.6 note that the basal parallel laminated unit
of their turbidite sequence and of the Bouma sequence are most likely deposited under
conditions that they define as upper flat bed.

However, they do not propose any

mechanism for the formation of the basal massive unit. In summary, studies have shown
that the sequences considered herein were deposited from waning energy flows7,8 but the
physical processes the emplacement of the basal massive unit (Figure 3.1) are still not
fully understood9,10.
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Studies of depositional fabrics in the field11-13 and in the laboratory14-16 demonstrate
that the basal parallel laminated units are deposited when the bed configuration is at the
transition between the dune and the antidune regime – upper regime plane bed17.
Recalling that the depositional sequences considered herein are emplaced from
waning energy flows7,8, with the basal massive unit accumulating under more intense
flow conditions than the overlying parallel laminated unit, as the basal parallel laminated
unit is deposited in upper plane bed conditions, the basal massive unit should be
emplaced under even stronger transport conditions and these should be able to suppress
parallel lamination.
Several mechanisms have been proposed to describe the emplacement of massive
turbidites, high-density turbidity currents with sediment sizes ranging from clay to
gravel18,19, dense subaqueous gravity flows20, sandy debris flow21, internal hydraulic
jump22-24, damping of near-bed turbulence9. None of those, however, fully explains how
the same sustained event can deposit both the basal massive and the overlying units. In
addition, these mechanisms cannot entirely justify how massive turbidites, which extend
long distances in the dip direction and may contain coarser particles as floating clasts, can
be emplaced 10’s – 100’s km downstream of the source5.
Numerical simulations of high-density turbidity currents suggest that primary
deposition most likely generates stratified turbidites rather than massive deposits25.
Laboratory experiments on sandy debris flows26 show that the presence of mud
nevertheless plays a fundamental role in maintaining the excess pore pressure that
sustains the debris flow. In other words, it does not appear that a purely sandy debris
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flow moving under its own weight can travel long distances on slopes of a degree or less
that are typical of submarine canyons. An internal hydraulic jump effectively reduces the
basal shear stress and rapid deposition of bed material occurs in relatively short
distances23, 24. Finally, the dumping or freezing of near-bed turbulence is characterized
by the lack (or great suppression) of entrainment of sand into suspension, causing the
sand to be depleted over a few 100’s km to a few km. In addition, the collapse of nearbed turbulence should nearly totally suppress bedload transport, and clasts or pea gravel
cannot be emplaced in the deposits.
Here we present the results of laboratory experiments specifically designed to test the
hypothesis that relatively coarse, massive tempestites and turbidites can be deposited
under very intense bedload transport corresponding to what has been called laminar
sheared layer27, sheet flow28-30, expanded bed31, traction carpet32 or flowing grain layer33.
This mode of bedload transport is characterized by a near bed layer of colliding grains
that is 10s of grain diameters thick and it has been observed for both oscillatory flows29
and unidirectional flows28,30.
The major factor controlling the formation of a sheet flow layer is the dimensionless
Shields number, 𝜏 ∗ , characterizing particle mobility29,34,35. Laboratory experiments
performed by the authors36 with 1.11 mm sand demonstrated that bedload transport
remains within a layer of 1-3 grain thickness for values of the Shields number associated
with skin friction 𝜏!∗ smaller than 0.3. For values of 𝜏!∗ between 0.3 and 0.5 the sheet
flow layer develops with a gradual increase of the bedload layer thickness. When 𝜏!∗ is
greater than 0.5 the sheet flow layer is fully developed34,37 and its thickness increases for
increasing bed shear stresses. The observed change in the mode of bedload transport is
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associated with a change in bedform geometry. Downstream migrating long wavelength
and small amplitude14-16 bedforms characterize the deposit for 𝜏!∗ < 0.3. As the sheet flow
layer develops - 0.3 < 𝜏!∗ < 0.5 - downstream migrating antidunes form and represent a
stable configuration38. For 𝜏!∗ > 0.5, the deposit can be considered for all practical
purposes flat.
Sheet flow conditions are commonly observed on the continental shelf during
storms35,39-41, it is thus reasonable to expect the emplacement of storm and tsunami
deposits in these transport conditions. On the contrary, it is important to ask whether or
not turbidity currents can drive sheet flow bedload transport.
Pirmez and Imran42 reconstructed the formative flows in a channel on the Amazon
Submarine Fan. Based over their estimates of current thickness, H = 40 m, channel
slope, S = 0.003, and volumetric concentration of suspended sediment, C = 0.01, over a
reach of 300 km, a reasonable scale for the bed shear stress, 𝜏! , is obtained by balancing
bed resistance against the downstream pull of gravity acting on the suspended sediment,
i.e. 𝜏! = 𝜌𝑅𝑔𝐶𝐻𝑆, with ρ denoting the density of the water, R the specific gravity of the
suspended sediment and g the acceleration of gravity. The Shields number, estimated as

τb/(ρRgD), ranges from 2.4 to 4.8, as grain size D declines from 0.5 mm to 0.25 mm.
Thus, the strong, sustained currents that can be effective in the formation of long
submarine channels are likely well into the sheet flow regime. In addition, Sequeiros et
al.43 and Spinewine et al.44 observed antidunes and cyclic steps with Froude-supercritical
turbidity currents in laboratory experiments, showing that it is possible to have a
sustained turbidity current over a mobile sand bed under upper regime conditions17. The
assumption of a turbidity current-driven sheet flow layer is thus a reasonable inference,
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which has been partially confirmed by the experiments of Middleton31 for high
concentrated turbidity currents.

3.2. EXPERIMENTAL RESULTS
We performed the laboratory experiments in the 13 m long and 0.5 m wide sediment feed
flume of the hydraulic laboratory in the Department of Civil and Environmental
Engineering at the University of South Carolina. The flume cross section was narrowed
to 0.19 m in the upstream most 9 m of the flume to obtain a 7 m long test reach. Details
on the characteristics of the experimental facility are available through the wiki page of
the Sediment Experimentalists Network http://sedexp.net/experiment/setting-hydraulicslaboratory-limited-resources. Five experiments were performed with a flow rate of 30 l/s
and sediment feed rates varying between 1.5 kg/min to 20 kg/min corresponding to bed
configurations ranging from upper regime plane bed17 to plane bed with bedload transport
in sheet flow mode (Supplementary Figure 3.4). The sediment was a mixture of three
components, purple fine sand with D = ~0.5 mm, medium white sand with D = 1.11 mm
and the coarse brown sand with D = ~1.4 mm. The geometric mean diameter, Dg, of the
sediment mixture was 0.95 mm and the geometric standard deviation was 1.65.
Each experiment was characterized by two phases, the equilibrium phase, in which
we waited for the system to reach conditions null net erosion and deposition over time
scales that are long compared to the time scales of bedform migration45, and the
aggradation phase, in which the water surface base level was slowly raised to induce
channel bed aggradation under the transport conditions observed on the equilibrium bed.
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At the end of the aggradation run, stratigraphic sections were cut (one dip section in the
center of the test reach and several strike sections) and photographed, core samples were
taken and to measure the spatial variation of grain sizes. Details on the experimental
procedure and protocol are presented in the Methods section. The dataset is available at
the SEN repository. Experimental results are quantitatively summarized in Table 3. 1 in
terms of equilibrium bedload transport capacity, Gs, flow depth H, bed slope S,
characteristic diameters of the bed surface Dsg and Ds90, Shields number associated with
skin friction, bedform height and wavelength, Δ and λ, bedload layer thickness, Lt, and
bed configuration.

The bed surface is here defined as the portion the deposit that

exchanges sediment with the bedlaod transport with thickness roughly equal to the
bedform height45. In agreement with our uniform sediment observations, as 𝜏!∗ increases
the bed configuration transitions from upper regime plane bed (Gs = 1.5 kg/min) to
downstream migrating antidunes (Gs = 6 kg/min and 10 kg/min) to flat bed with bedload
transport in sheet flow mode (Gs = 16 kg/min and 20 kg/min).
Pictures of the stratigraphic sections are presented in Figure 3.2, where the white
continuous line identifies the surface of the equilibrium deposit and the yellow arrows
highlight the two laminae emplaced in the 1.5 kg/min experiment. The stratigraphic
sections show that parallel laminated deposit are emplaced in upper regime plane bed (1.5
kg/min)11-16. The downstream migrating antidune deposit of the 6 kg/min experiment
presents parallel laminae that are thinner than those deposited in the upper plane bed
regime experiment. The preservation of thin laminae in the 6 kg/min experiment is only
in part due to a change in bed configuration. It is also due to the relatively high
aggradation rate (~0.5 mm/min) compared with the 1.5 kg/min experiment (~0.1
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mm/min), as noted by Best and Bridge16. As the Shields number associated with skin
friction increases, the antidunes flatten out (10 kg/min experiment), the sheet flow layer
develops and the deposits become massive (10 kg/min – 20 kg/min experiments).
We explain the observed change in deposit fabric noting that a region of flow
separation forms downstream of the upper regime plane bed bedforms and downstream
migrating antidunes16,36. Part of the fine sediment that is entrained in transport on the
stoss face of the next bedform downstream is transported upstream in the separation zone.
This fine sediment is trapped under the lee face of the migrating bedform and the fine
part of a parallel lamina forms. The coarse portion of the parallel lamina is associated
with the normal grading that occurs on the bedform lee face (Supplementary video 1).
As the Shields number associated with skin friction increases, antidunes flatten out,
flow separation does not occur and the sheet flow develops36. In the stratigraphic record
this change in bed configuration corresponds to the transition from a parallel laminated to
a massive unit.
In our experiments the transition from a parallel laminated to a massive unit is
associated with a change in the grain size distribution of the deposit with the massive
deposits being significantly finer than the laminated units. The vertical variation of the
geometric mean in the deposits obtained in the aggradation phase of the experiments is
presented in Figure 3.3, where the ratio between the geometric mean diameter of the
deposit and the geometric mean diameter of the bedload transport is on the horizontal
axis and the non-dimensional elevation of the deposit sample is on the vertical axis. In
Figure 3.3 the elevation of the sample above the equilibrium deposit surface, z, is made
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non-dimensional with the thickness of the deposit emplaced in the aggradation phase, Δη.
Thus z/Δη = 0 corresponds to the surface of the equilibrium deposit and z/Δη = 1
corresponds to the surface of the final deposit. It is important to note here that significant
spatial – vertical and streamwise - variation of deposit grain size distribution was not
observed, confirming that the aggradation rate occurred with negligible changes in bed
configuration and bedload transport characteristics.
The observed fine Dg of the massive deposit compared to the parallel laminated unit
Dg is likely due to particle segregation in dense sheared flows – the sheet flow layer.
This segregation results in the preferential concentration of fine particles in the lowest
part of the sheared layers (near the bed) with the coarse particles transported in the
highest part of the sheared layers (far from the bed)35,46,47. The aggradation rates in the
experiments with a developing (10 kg/min) or fully developed sheet flow layer (16
kg/min and 20 kg/min) were relatively low to prevent significant changes in bed
configuration (0.84 mm/min – 1.7 mm/min). Thus, the lowermost and fine part of the
sheet flow layer only contributed to the formation of the aggrading deposit. In the 16
kg/min experiment the aggradation rate was the lowest (0.84 mm/min) and the emplaced
deposit was the finest because the likelihood of trapping coarse sediment in the deposit
was smaller than in the other experiments.
To illustrate how the results of these experiments may impact the interpretation of the
stratigraphic record, we consider a basal massive unit with characteristics sand size of 1
mm, which is typical of channel deposits in the present Congo channel48. In suspensionbased models, the shear velocity has to be larger than the threshold for significant
suspension, which can be estimated by imposing that the ratio between shear velocity and
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settling velocity is equal to one49. Using the Dietrich relation to estimate the settling
velocity of sand particles50, the threshold shear velocity for significant suspension is 15.5
cm/s corresponding to a threshold Shields number of 1.5. On the contrary, if we use the
results of the present study, a massive unit can be emplaced when the Shields number
associated with skin friction is greater than ~0.5 and a threshold shear velocity of 9 cm/s,
which corresponds to a significantly less intense flow than the flow estimated from a
suspension-dominated model.
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3.4. FIGURE CAPTIONS
Figure 3.1. Massive units in a) tempestite— Ordovocian Cincinnati Group, USA—, and
b) turbidite— Aberystwyth Grits, South Wales—deposits (http://sepmstrata.org/)
Figure 3.2. Dip (left) and strike (right) stratigraphic sections for each experiment.
The white lines represent the approximate location of the equilibrium deposit surface and
the yellow arrows identify the two laminae deposited in the 6 kg/min experiment.
Figure 3.3. Vertical variation of the geometric mean diameter, Dg, in the deposit
emplaced in the aggradation phase of the experiments. Dgo denotes the geometric mean
diameter of the original mixture, z is an upward oriented coordinate with origin on the
equilibrium deposit and Δη represents the thickness of the layer deposited in the
aggradation phase of each experiment. The white diamonds refer to the 20 kg/min
experiment, the white squares to the 16 kg/min experiment, the white triangles to the 10
kg/min experiment, the grey squares to the 6 kg/min experiment and the grey triangles to
the 1.5 kg/min experiment.
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3.5. FIGURES

Figure 3.1. Massive units in a) tempestite —Ordovocian Cincinnati Group, USA—, and
b) turbidite —Aberystwyth Grits, South Wales— deposits (http://sepmstrata.org/)
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Figure 3.2 . Dip (left) and strike (right) stratigraphic sections for each experiment. The
white lines represent the approximate location of the equilibrium deposit surface and the
yellow arrows identify the laminae deposited in the 1.5 kg/min experiment.
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Figure 3.3. Vertical variation of the geometric mean diameter, Dg, in the deposit
emplaced in the aggradation phase of the experiments. Dgo denotes the geometric mean
diameter of the original mixture, z is an upward oriented coordinate with origin on the
equilibrium deposit and Δη represents the thickness of the layer deposited in the
aggradation phase of each experiment. The white diamonds refer to the 20 kg/min
experiment, the white squares to the 16 kg/min experiment, the white triangles to the 10
kg/min experiment, the grey squares to the 6 kg/min experiment and the grey triangles to
the 1.5 kg/min experiment.
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3.6. TABLE
Table 3.1. Quantitative summary of the experimental results at mobile bed equilibrium.
The flow rate was equal to 30 l/s. Gs = mass feed rate, H = water depth, S = bed slope,
Dsg = geometric mean diameter of the bed surface, Ds90 = diameter such that 90% of the
bed surface is finer, 𝜏!∗ = Shields number associated with skin friction, Δ = bedform
height, λ = bedform wavelength and Lt = bedload layer thickness. In the last column of
Table 3. 1 the equilibrium bed configuration (upper plane bed UP, downstream migrating
antidune DA, and upper plane bed with sheet flow UPS) is reported.
Gs

H

kg/min

cm

1.5

21.2

6

S

Dsg

Ds90

mm

mm

0.0032

0.95

1.85

12.8

0.0086

1.01

10

11.8

0.0117

16

10.2

20

10.2

τ*s

Δ

λ

Lt

Equilibrium

mm

cm

mm

configuration

0.10

50

85

2.5

UP

1.65

0.41

50

50

3

DA

1.00

1.45

0.56

20

65

5

DA

0.0151

0.78

1.24

0.78

-

80

7.5

UPS

0.0168

1.09

1.63

0.66

-

90

15

UPS
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3.7. METHODS
The experiments were performed in the 13 m long, 0.5 m wide and 0.9 m deep sediment
feed flume of the hydraulic laboratory of the Department of Civil and Environmental
Engineering at the University of South Carolina at Columbia. The flow rate was supplied
from the head tank of the laboratory and was measured with a calibrated orifice plate and
a wet-wet digital manometer.
The sediment trap was located 9 m downstream of the flume entrance. The flume
cross section was narrowed to 0.19 m with marine plywood in the upstream most 9 m of
the flume to reduce the likelihood of having three dimensional bedforms and to obtain
sheet flow bedload transport with feasible sediment feed rates. The flume cross section
was gradually narrowed in the upstream most 2 m of the flume, leaving a 7 m long test
reach. The water surface elevation downstream of the sediment trap, i.e. the water
surface base level, was controlled with a tailgate.

Experimental procedure
The experiments started with an empty flume. As the flow and the sediment feed were
turned on a deltaic deposited formed with a downstream migrating delta front. When the
delta front reached the sediment trap, periodic measurements of bed and water surface
elevation were performed with rule readings from the glass flume sidewall. When the
bed and the water surface elevation and slopes did not significantly change between
consecutive readings, we assumed that the flow and the sediment transport reached
conditions of mobile bed equilibrium1,2. Three-five readings of bed and water surface
elevation were collected at equilibrium to estimate the equilibrium slopes and water
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depths used to estimate the bed shear stresses. Thus, the equilibrium water depths, slopes
and the other parameters reported in Table 3. 1 and used in the calculations have to be
considered averages over a long series of bedforms.
Pictures and videos of the equilibrium deposit were taken from the glass flume
sidewall to estimate the thickness of the bedload layer, the average bedform height and
wavelength and the aggradation phase of the experiments started.
Aggradation of the bed deposit was then induced by slowly raising the tailgate at a
constant rate. This caused the deposition of a layer of nearly uniform thickness on the
entire test reach with a negligible change of the bed configuration. Depending on the
sediment feed rate, the aggradation rate changed from one experiment to the other with
higher rates of aggradation in the experiments with the highest feed rate.

The

aggradation phase of each experiment ended when a ~5 cm thick deposit was emplaced.
During the aggradation phase periodic measurements of bed and water surface
elevation were collected to monitor that the water surface and the bed slopes did not
significantly change from their equilibrium values. At the end of the aggradation phase,
we took pictures of the deposit from the glass flume sidewall, one central dip and several
strike stratigraphic sections were cut and photographed to characterize the internal fabric.
Core samples were then collected and dried in the oven to measure the spatial (vertical
and streamwise) variation of the grain size distribution in the emplaced deposit.

3.7.1. PROCEDURE TO REMOVE SIDEWALL EFFECTS
The experiments were performed in a narrow flume, i.e. the width was 0.19 m and the
water depths ranged between 0.210 m and 0.102 m, thus a procedure to remove sidewall
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effects was necessary to account for the different roughness between the smooth flume
sidewalls (glass and plywood) and the mobile rough bed3. We followed the procedure to
remove sidewall effects proposed by Vanoni and Brooks3 and outlined in Chiew and
Parker4 and Viparelli et al.1.
The main assumption is that the cross section can be divided in two non-interacting
regions, the bed region and the wall region, and the Darcy–Weisbach resistance relation
can be applied to the entire cross section and to each region. It is further assumed that in
the entire cross section, in the bed and in the wall region 1) the streamwise component of
gravity force is balanced by shear stresses acting on the wall and on the bed, and 2) the
mean flow velocities, U, and energy gradients, S, are the same. Under these assumptions
the equations of conservation of mass and momentum respectively take the form
𝐴 = 𝐴! + 𝐴!

(3.1)

𝐶! 𝑃 = 𝐶!" 𝑃! + 𝐶!" 𝑃!

(3.2)

with A denoting the cross sectional area, P the wetted perimeter and Cf the nondimensional friction coefficient equal to the Darcy-Weisbach friction coefficient f divided
by 8. The absence of subscript indicates that the parameter refers to the entire cross
section, and the subscripts b and w respectively denote the bed and wall region.
Recalling that the Darcy-Weisbach relation holds in the entire cross section and in
each region, the condition that the energy gradients are assumed to be the same in the
entire cross section and in each region is expressed as
!! ! !
!"

=

!!" ! !
!!!

=

!!" ! !

(3.3)

!!!
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where g represents the acceleration of gravity and r the hydraulic radius. Recalling
that the Reynolds number is defined as 𝑅𝑒 = 𝑟𝑈 𝜈 with ν denoting the water kinematic
viscosity, equation (3.3) can be rewritten as
!!
!"

!

!

= !"!" = !"!"
!

(3.4)

!

Equations (3.1), (3.2) and (3.4) represent a system of three equations in four
unknowns, Ab, Aw, Cfb, Cfw. The equation used to close the problem is the Nikuradse
equation for smooth pipes that takes the form
!
!!

= 0.86 4𝑅𝑒! 𝑓! − 0.8

(3.5)

Equations (3.1), (3.2), (3.4) and (3.5) are iteratively solved using the following form
of the Blasius equation to estimate the Darcy-Weisbach friction coefficient for smooth
pipes in the first iteration
𝑓! = 0.301

!

!
!

(3.6)

!"

3.7.2. PARTITION BETWEEN SKIN FRICTION AND FORM DRAG.
The friction coefficient for the bed region Cfb is used to compute the sidewall corrected
bed shear stress 𝜏 ∗ as 𝜌𝐶!" 𝑈 ! . When bedforms are not present the drag on the bed is
only associated with the stresses acting tangentially to the bed (skin friction). In the
presence of bedforms, part of the drag is primarily associated with the flow separation
downstream of the lee faces (form drag) and does not contribute directly to the bedload
transport5. It is thus necessary to partition between skin friction and form drag to perform
bedload transport calculations5.
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In the case an ideal flow over a flat bed with the same microscopic roughness, energy
gradient, S, and mean flow velocity, U, of the flow in the presence of bedforms, the
roughness height, the bed friction and the associated water depth have to be smaller than
the corresponding values for the original flow5. Thus, the friction coefficient and the
water depth that characterize this ideal flow, i.e. the values associated with skin friction
Cfbs and Hs, can be computed with a Manning-Strickler formulation with roughness
height 𝑘! = 2𝐷!!" , with Ds90 denoting the diameter of the bed surface such that 90% of
the sediment is finer, and the depth slope product to compute the bed shear velocity
associated with skin friction, 𝑢!∗ .
The system of equations used to compute Cfbs and Hs takes the form

!!.!
𝐶!"#

𝑢!∗ =
𝑟!" =

!

= !∗ = 8.1
!

!

!!" !
!!

(3.7)

𝑟!" 𝑔𝑆

(3.8)

!!"

(3.9)

!

with Abs denoting the area of the bed region associated with skin friction and B the width
of the rectangular flume cross section.
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3.11. SUPPLEMENTARY FIGURE

Figure 3.4. Bedform stability diagram1. The non-dimensional wave number k =
2πHo/λ where Ho denotes the water depth of an idealized flow with the same flow
rate, slope and mean velocity of the observed flow and a roughness height equal to
the roughness height associated with skin friction, i.e. no form drag. The Froude
number Fro is the Froude number of the associated idealized flow. The black
squares are our experiments with mix-size sediment, the diamonds represent our
experiments with uniform sediment2, the white diamonds and triangles are the Guy
et al.3 and the Kennedy4 transitional experiments, the white circles are the Guy et
al.3 upper plane bed experiments, the grey triangles are the Guy et al.3 antidune
experiments and the grey squares are the Kennedy4 antidune experiments.

82

3.12. SUPPLEMENTARY FIGURE REFERENCES
1) Engelund, F. Instability of erodible beds. Journal of Fluid Mechanics 42, 225–244
(1970).
2) Hernandez-Moreira, R. R., Huffman, B. J., Vautin, D., Kendal, C. G. St. C. &
Viparelli, E. Bedload transport, bedform geometry and flow resistances of upper
regime plane beds. Journal of Geophysical Research – Earth Surface (in
review).
3) Guy, H., Simons, D. & Richardson E. Summary of alluvial channel data from flume
experiments, 1956-61, Geological Survey Professional Paper no. 462-I (1966).
4) Kennedy, J. F. Stationary waves and antidunes in alluvial channels, Ph.D. thesis,
California Institute of Technology (1960).

83

CHAPTER 4

PROBABILISTIC DESCRIPTION OF UPPER PLANE BED CONFIGURATIONS3

4.1. INTRODUCTION
Careful comparisons of active layer-based model predictions with field and laboratory
data indicate that active layer-based models are useful tools to study transport, erosion
and deposition of non-uniform material when the vertical sediment fluxes are primarily
controlled by temporal changes in the mean channel bed elevation - aggradation or
degradation. However, such comparisons also indicate that active layer-based models are
inadequate to describe sediment transport processes in the presence of bedforms and to
route sediment particles with different characteristics. In other words, active layer-based
models cannot capture key details in certain systems, such as tracer and contaminant
dispersal (e.g. Hassan and Church, 1994; Ferguson et al., 2002; Wong et al., 2007) and
sediment sorting in the presence of bedforms (Blom and Parker 2004; Blom, 2008; Ganti
et al., 2013). In these systems the sediment fluxes are primarily related to local changes in
bed elevation that occur at time scales that are short compared to those associated with
the changes in mean bed elevation. Finally, these models fail to capture the spatial

3

Ricardo R. Hernandez Moreira and Enrica Viparelli. In preparation for submission to
Esurf.
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variation in sediment size distribution of alluvial channels due to changes in flow regime
and sediment transport characteristics, such as the infiltration or winnowing of fine
sediment in a coarse alluvial bed due to imposed changes in flow and sediment transport
regime when channel bed aggradation or degradation are negligible (e.g. Viparelli et al.,
2011).
The proposed model is based on a modified version of the continuous probabilistic
modeling framework proposed by Parker, Paola, and Leclair (2000) – PPL framework that describes the exchange of sediment between the bedload transport and the mobile
bed in terms of probability density functions of bed elevation, entrainment and
deposition.

However, due to the lack of functional relations to predict 1) local

entrainment rates of sediment in transport, 2) probability of bed elevation fluctuation, and
3) probabilities of entrainment and deposition, has never been fully implemented and
tested against experimental results. Simplified versions of the PPL framework were
implemented by Blom et al. (2006) and Blom et al. (2008) to describe the stratigraphy of
dune deposits at laboratory scale, Parker and Perg (2005) to estimate on cosmogenic
nuclides concentration based erosion rates in badlands and landscapes dominated by
deepseated landslides, and Viparelli et al. (2016) to demonstrate that the implementation
of the continuous approach is feasible at field scale and that, given appropriate boundary
conditions, the model results are in reasonable agreement with field observations. In
summary, the implementation of the continuous modeling framework with physicallybased probability functions represents the first foundational step to overcome the wellknow limitations of the ~50-year old active layer approximation.

85

Here we present the analysis of sonar based time series of bed elevation
measurements to determine probability functions of bed elevation fluctuations around the
mean elevation to statistically represent the short time scale fluctuations as a function of
the flow hydrodynamics and the mode of bedload transport. This analysis represents the
first step towards the implementation of a probabilistic model that is able to reproduce the
internal fabric of the emplaced deposits. Here we illustrate the probabilistic model for the
simplified case of tracer stone dispersal in uniform sediment.

4.2. UPPER REGIME PROBABILITY FUNCTIONS OF BED ELEVATION FLUCTUATIONS BEDLOAD
DOMINATED SYSTEMS

In the experiments presented in Chapter 2 sonar-based time series of bed elevations were
recorded for mobile bed equilibrium conditions at six equally spaced locations within the
test reach. Descriptive statistics of the time series data are obtained from their frequency
histograms with bin width of 2.5 mm. A complete statistical analysis of these time series
goes well beyond the scope of the present chapter. Here the time series are used to 1)
provide a preliminary characterization of the bed configuration in terms of time series of
bed elevation (Parker, et al., 2000; Blom et al., 2006; Blom, 2008; Wong et al., 2007;
Singh et al., 2009; Singh et al., 2011), 2) investigate if the variability of bed elevation in
the upper regime can be represented in terms of probability functions, and if these
probability functions can be parameterized to model the transition from upper regime
plane bed with standard bedload transport to upper regime plane-bed with bedload
transport in sheet flow mode as a function of the flow parameters, and 3) use the
probability functions to estimate the bedform height.
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4.2.1. DESCRIPTION OF THE TIME SERIES
Noting that the sonar measurements were performed at mobile bed equilibrium, when the
bed elevation averaged over many bedforms did not change in time, the variability of bed
elevation is represented in terms of fluctuations around the mean.
As schematically represented in Figure 4.1, if η denotes the instantaneous bed
elevation and 𝜂 denotes the average bed elevation (dashed black line), the bed elevation
fluctuation 𝜂! equals 𝜂 − 𝜂. If 𝜂! < 0, 𝜂 < 𝜂. Similarly if 𝜂! > 0, 𝜂 > 𝜂 (Parker et al.,
2000).
For example, the time series of bed elevation fluctuations measured in the 1.530
experiment (i.e. the uniform sediment experiment with flow rate of 30 l/s and sediment
feed rate of 1.5 kg/min) are presented in Figure 4.2, where the panels are ordered in the
streamwise direction so that the topmost figure corresponds to measurements collected at
x = 3.68 m (i.e. 3.68 m downstream of the flume entrance), the next panel refers to
measurements performed at x = 4.68 m and the bottommost figure reports measurements
performed at x = 8.68 m. The panels show that both the height and the period of the
bedforms increased as they migrate downstream, suggesting the existence of a bedform
development region in the upstream part of the test reach. The visual comparison between
the time series suggests that in the 1.530 experiment this development region ends around
x = 5.68 m, corresponding to the location of the fourth sonar probe. A formal analysis to
determine the length of the development region is not attempted herein.
To exclude the developing bedforms from the analysis and to avoid including
possible bed deformations driven by the sudden flow expansion at x = 8.68 m, we used of
the measurements of the probe located at x = 7.68 m as basis for the analysis presented
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herein. Figure 4.3 shows time series of fluctuations of bed elevation and corresponding
probability density functions for different feed rates at flume location x = 7.68 m. As the
feed rate and thus the Shields number associated with skin friction increased, the
fluctuations become more frequent and their height decreases. In other words, as
previously reported from visual observations, as the Shields number associated with skin
friction increases the bedform height decreases.

4.2.2. PROBABILITY FUNCTIONS OF BED ELEVATION FLUCTUATIONS
If we draw a horizontal line at the generic elevation z in one of the time series reported in
Figures 2 and 3, the fraction of the line that falls within the bed deposit represents the
average fraction of time that 𝜂 > 𝑧. In other words, the fraction of the line that falls
within the bed deposit at elevation z, Ps(z), can be interpreted as the probability that 𝜂 >
𝑧. Thus, Pe = 1 − Ps represents the probability that the bed elevation is smaller or equal
than z, i.e. the cumulative distribution function of the bed elevation fluctuations.
Following Blom et al. (2006) in the analysis presented herein we use the upward oriented
coordinate 𝑦 = 𝑧 − 𝜂, which is a monotonically increasing function of z. Consequently,
in the y coordinate system, Ps(y) = Ps(z), Pe(y) = Pe(z), the probability density function of
!!

bed elevation fluctuations 𝑝! = − !"! and the mean of the probability density of bed
elevation fluctuation is known and equal to zero.
The cumulative distribution functions of bed elevation fluctuations of our
experimental data are presented in the normal probabilistic charts of Figure 4.4, where the
black grid lines denote the 90% interval around the mean and the experimental data have
been grouped into four different plots for clarity. In each of the subfigures (a)–(d), the
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points represent the cumulative probability function of bed elevation fluctuations around
the mean estimated from the time series, and the dashed lines represent the normal
distribution function fitted to each series.
As the feed rate, and thus the Shields number associated with skin friction, gradually
increased, the distribution functions became less wide due to the reduction of bedform
height observed in Chapter 2. Figure 4.4 also shows that the probability functions of bed
elevation fluctuation around the mean can be reasonably approximated as normal within
the 90% interval around the median.
A close look at the tails of the distributions, defined herein as the areas outside the
90% interval cantered on the median, revealed that in the experiments with feed rate
smaller than 8 kg/min, corresponding to a Shields numbers associated with skin friction
smaller than ~0.4, the distributions functions are heavy tailed, suggesting that fluctuations
that are significantly larger than the average fluctuation occur frequently. In other words,
the presence of heavy tails suggests a higher likelihood of having deep troughs and high
crests than in the case of a normal distribution.
These results are consistent with previous experimental work performed in the lower
regime with sediments in the pea gravel size range (Wong et al., 2007), in the sand range
(Nakagawa and Tsujumoto, 1979 and references therein; Singh et al., 2009; Singh et al.,
2011). In particular, Singh et al. (2011) noticed that 1) their distributions were
preferentially asymmetric, and 2) at short time scales the probability density function of
bed elevation increments had slightly thicker tails than a normal distribution, and it
tended toward a normal distribution for relatively long time scales.
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Noting that the probability functions of bed elevation fluctuations can be reasonably
approximated as normal distributions with zero mean and standard deviation σ, a relation
between σ and the flow parameters would allow us to parameterize these functions and
model the transition from upper plane bed characterized by standard bedload transport,
long wavelenght and small amplitude bedforms to upper plane bed with bedload transport
in sheet flow mode.
The statistical parameters of the distributions are summarized in Table 4.1, where the
first column identify the experiment with the same notation used in Chapter 2 (the full
number identifies the sediment feed rate in kg/min and the subscript the flow rate in l/s),
∗
the Shields number associated with skin friction 𝜏!"
is in the second column, s is reported

in mm in the third column, the skewness β1 and the coefficient of excess kurtosis β2 are
respectively in the fourth and fifth column, and the sonar-based estimate of bedform
height 2A is reported in the sixth column.
Figure 4.5 shows the variation of the non-dimensional standard deviation made nondimensional with the sediment geometric mean diameter Dg = 1.11 mm, σ/Dg, with the
∗
Shields number associated with skin friction 𝜏!"
. The black diamonds represent the 30 l/s

experiments, the black squares the 20 l/s experiments and the dashed lines the proposed
lower and upper limits of the transition region from standard bedload transport to bedload
transport in sheet flow mode. The black line is a linear fit to our data of equation
!
!!

=

∗
18.7 − 29.6𝜏!"
2

∗
if 𝜏!"
< 0.56
∗
if 𝜏!" ≥ 0.56

(1)

and the dashed grey lines denote a ±30% interval around the proposed predictor.
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The three points that fell outside this interval pertain to the 1.520, 630 and the 830
experiments. As observed in Chapter 2, the latter two experiments characterize the
transition from upper plane bed with standard bedload transport to upper plane bed with
bedload transport in sheet flow mode with increasing bedform height and thus flow
resistances (Kishi, 1979). Finally, the grey line represents Wong et al. (2007) relation
∗
linking σ/D with 𝜏!∗ , which is equal to 𝜏!"
because the experiments were performed in

lower-regime plane-bed.
∗
The standard deviation of the distributions σ decreased for increasing values of 𝜏!"

over the entire range of experiments, as previously observed in terms of the narrowing of
the distributions with increasing feed rates in Figure 4.4. However, in the 20 l/s runs σ
was consistently smaller than in the 30 l/s runs characterized by the same feed rates. The
30 l/s runs showed a slight increase of σ in the transition zone compared to the runs with
∗
𝜏!"
< 0.3, while σ did not significantly changed in the 1.520 and 820 runs.

The prediction of a standard deviation of the bed elevation fluctuations that decreases
∗
with 𝜏!"
is in contrasts with the results by Wong et al. (2007) who found that for the case
∗
∗
of gravel transport in lower regime plane bed with 𝜏!"
< 0.11, higher 𝜏!"
lead to higher

variance in the bed elevation fluctuations (Figure 5). Wong et al. (2007) explained their
result considering that σ scales with the characteristic particle grain size and is a measure
of occupation and evacuation of individual particles on the surface of the bed. In our case,
due to the presence of bedforms, σ decreases as the Shields number associated with skin
friction increases and the bed tends to flatten out.
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4.2.3. THE

HIGH ORDER MOMENTS OF THE PROBABILITY DISTRIBUTION OF BED ELEVATION

FLUCTUATION

When looking at the shape of the distribution, to attempt a meaningful parametric
description, it is necessary to consider the higher moments of the distributions together
and not piecewise, since both the skewness and kurtosis are needed together to establish
peakedness and tailedness unambiguously. Figures 4.6a and 4.6b respectively show the
variation of the skewness coefficient, β1, and the coefficient of kurtosis excess—
hereinafter referred to simply as kurtosis— β2 with the Shields number associated with
∗
skin friction 𝜏!"
. The black diamonds represent the 30 l/s experiments, the black squares
∗
the 20 l/s experiments. The vertical dashed black lines at 𝜏!"
equal to 0.3 and 0.5 identify

the transition region from standard bedload transport to bedload transport in sheet flow
mode.
The skewness coefficient (Figure 4.6a) for the 30 l/s experiments are grouped such
that far away from the transition region β1 is positive and relatively large, while for
∗
values of 𝜏!"
close to the transition region, β1 is small and oscillates around zero. These

results suggest that the bed elevation tends to be preferentially smaller than mean due to
∗
the presence of deep bedform troughs for values of 𝜏!"
significantly smaller than 0.3,

while the distribution of bed elevation tends to become symmetrical as the mode of
bedload transport transitions from standard bedload transport to sheet flow. In the 20 l/s
experiments β1 maintains negative, almost constant values of β1 = ~0.17, across the range
of experiments, denoting a nearly symmetrical distribution in the presence of bedforms
with a poorly defined brinkpoint. Due to the relatively small size of the time series, we

92

cannot confidently comment on the sign of β1 in the experiments with bedload transport
in sheet flow mode.
Figure 4.6b shows that the kurtosis β2 follows similar behaviors for both sets of
∗
experiments, i.e. does not seem to be dependent of the flow depth. For 𝜏!"
< 0.5, β2 =
∗
~0.8, denoting a tendency to obtain distributions that may be flatter than normal. As 𝜏!"

approaches 0.5, corresponding to the onset of bedload transport in sheet flow mode, β2
becomes positive denoting that the distributions tend to have higher peaks than a normal
distribution.
Positive skewness, β1 > 0 suggest bedforms exhibiting deep troughs and long stosses,
resulting in long and slow local net erosional processes on the stoss of the bedform and
relatively rapid and intense local net depositional processes on the lee faces of the
bedforms. Negative skewness β1 < 0 conversely suggests the presence of relatively
symmetrical bedforms, with local net erosional and net depositional processes that occur
at similar rates. Noting that the skewness is relatively small (smaller than 1.7), except for
the lowest and highest range of experiments, the distributions may be considered
symmetrical.
The kurtosis is associated with a movement of mass of the distribution that does not
affect its variance (De Carlo, 1997). Negative kurtosis is related to light tails and flat, low
peaks (Balanda and Mac Gillivray, 1988; De Carlo, 1997), if present, in the distributions.
Referring to Figure 4.6b and the probability density functions in Figure 4.4 we note the
absence of peaks in the experimental runs with negative kurtosis, suggesting a relatively
flat distribution for the large variability in the bedform heights.
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Positive kurtosis, paired up with positive skewness may be indicative of fat tailed
distributions, suggesting that most of the bedforms exhibit approximately the same height
fluctuating about the mean bed elevation, while the remaining few are infrequent enough
and far away enough from the mean to qualify as relatively frequent extreme events and
impact the variability of the distribution.
Summarizing, the study of the variability of β1 and β2 with the Shields number
associated with skin frictions further confirms the experimental observations presented in
∗
Chapter 2. As 𝜏!"
approaches 0.3, the bedforms tend to become more symmetrical with

the consequent reduction in skewness and the kurtosis remains negative due to the
relatively frequent migration of large bedforms with deep throughs. In the transition
∗
region with 0.3 < 𝜏!"
< 0.5, the bedform height decreases with a movement of the mass

towards the center of the distribution, i.e. big bedforms are less frequent than at lower
∗
values of 𝜏!"
. Due to this change in bedform height, β2 changes sign denoting a high

concentration of fluctuations near and around the mean. Finally, in the upper plane bed
∗
region with bedload transport in sheet flow mode, 𝜏!"
> 0.5, the bed elevation

fluctuations are very fast and with height on the order of 2Dg. Consequently, the
probability density functions of bed elevation fluctuations become very narrow with
peaks that may be higher than in the normal distribution case. Predictive relations of β1
and β2 as a function of the flow and the sediment parameters are not fitted to the
calculated coefficients because they are not needed to parameterize the probability
distribution functions of bed elevation fluctuation.
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4.3. PROBABILISTIC-BASED PREDICTIONS OF BEDFORM HEIGHT AND IMPLICATIONS TO
ESTIMATE THE ACTIVE LAYER THICKNESS

A representative sonar-based bedform height was defined as the difference in elevation
between the fluctuations around the mean bed elevation with cumulative probabilities
equal to 0.05 and 0.95. In other words, the sonar based bedform height was characterized
by the 90% interval around the mean bed elevation. This interval was chosen after
comparing sonar-based estimates of bedform height for different interval amplitudes with
the observed heights and the 90% interval showed the best agreement between sonarbased heights and observations.
The best agreement was determined based on the number of points contained within a
±25% interval in a sonar-based vs. observed bedform height, as presented in Figure 4.7a.
In Figure 4.7a the points corresponding to the 1030 and the 1230 runs are both
characterized by sonar-based bedform heights that are significantly smaller than the
visual observations identifying the possibility of errors in the visual observations.
Figure 4.7b shows the sonar-based bedform heights 2A as functions of the Shields
∗
number associated with skin friction 𝜏!"
, with the black squares and black diamonds

denoting the 20 l/s and 30 l/s experiments respectively and the dashed lines marking the
apparent lower and upper bounds of the transition region between standard bedload
transport and sheet flow transport. The variation of sonar based bedform height with skin
friction shows a similar behaviour as that of the observed bedform heights discussed in
Chapter 2. Bedform heights decrease with increasing feed rate, first gradually and then
sharply, as the mode of sediment transport transitions from standard bedload transport to
bedload transport in sheet flow mode. As for the visual observations, two transitional
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paths are captured in the transition region: one in which the bedform height decreases
∗
∗
continuously as 𝜏!"
increases, and one in which the bedform height grows with 𝜏!"
before

sharply decreasing. These two paths are in agreement with the analysis by Kishi (1979)
based on data collected in experiments with finer material.

4.4. TOWARDS THE IMPLEMENTATION OF A CONTINUOUS MODEL OF SEDIMENT MASS
CONSERVATION FOR TRACER STONES IN UNIFORM MATERIAL

The two-dimensional equation of sediment conservation at location x and elevation z in
the bed deposit in the case of uniform bed material takes the form (Parker et al., 2000)
𝑐!

!!!
!"

= 𝐷! − 𝐸!

(2)

with z denoting an upward oriented vertical coordinate, x a streamwise longitudinal
coordinate and t a temporal coordinate; cb represents the volume fraction of the deposit
that is solid at elevation z and it is equal to 1 − λp, where λp is the bed porosity, assumed
constant for simplicity. Ps = Ps(x, z, t) denotes the probability that the bed elevation is
higher than z, thus cbPs represents the volume of sediment at elevation z per unit area of
the bed deposit. Dz and Ez respectively represent the deposition and entrainment of
sediment at location x and elevation z.
Following the same procedure illustrated in section 2, we introduce the upward
oriented vertical coordinate with origin on the channel bed 𝑦 = 𝑧 − 𝜂 with 𝜂 denoting the
bed elevation averaged over a series of bed fluctuations, i.e. the mean bed elevation at
location x and time t. In the y reference system Ps(x, z, t) = Ps(x, y, t) represents the
probability that the bed elevation fluctuation η′ = ζ − 𝜂, with ζ denoting an instantaneous
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realization of bed elevation, is higher than y. The probability that the bed elevation
fluctuation is smaller or equal than y will thus be Pe(x, y, t) = 1 − Ps. In other words, Pe is
the cumulative probability function of bed elevation fluctuations and 𝑝! = − 𝜕𝑃! 𝜕𝑦 is
the probability density function of bed elevation fluctuations.
It is important to note here that the y coordinate is attached to the mean bed elevation
and it is a function of time because the average bed elevation 𝜂 can change in time for
channel bed aggradation and degradation. Thus, in the y coordinate system the elevation
specific equation of conservation of bed material takes the form (Parker et al., 2000)
𝑐!

!!!
!"

where 𝑝!

+ 𝑝!

!!
!"

!!
!"

= 𝐷! − 𝐸!

(3)

represents a convective flux of sediment associated with the changes in

mean bed elevation, and Dy and Ey respectively represent the deposition and the
entrainment rate of sediment at elevation y. Parker et al. (2000) propose to evaluate Dy
and Ey as a function of the total, i.e. integrated in the y direction over the entire deposit,
deposition and entrainment rates of sediment D and E times elevation specific probability
functions of deposition pD and entrainment pE.
In equation (3) the time rate of change of mean bed elevation 𝜂 is computed with the
Exner equation of conservation of bed material that takes the form
𝑐!

!!
!"

=𝐷−𝐸 =−

!!!

(4)

!"

with qb denoting the volumetric bed material load per unit channel width. Equation (4)
expresses the equivalency between the entrainment (D – E) and the divergence
(− 𝜕𝑞! 𝜕𝑥) form of the Exner equation. For a complete derivation of equation (4) we
refer to Parker et al. (2000) and the references therein.
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The elevation specific equation of conservation of tracer stones at location x and
elevation z takes the form (Parker, Paola, and Leclair, 2000)
c!

!!!!
!!

= D! f!" − E! f

(5)

where f = f(x, z, t) denotes the volume fraction content of tracer stones at location (x, z)
and time t in the bed deposit and ftr = ftr(x, t) is the volume fraction content of tracer
stones in transport. In the y coordinate system the equation of conservation of tracer
stones takes the form (Parker et al., 2000)
𝑐! 𝑓

!!!
!"

!"

+ 𝑝! !" + 𝑃!

!"
!"

!" !"

− !" !"

= 𝐷𝑝! 𝑓!" − 𝐸𝑝! 𝑓

(6)

With the aid of equation (3), the above equation reduces to
𝑐! 𝑃!

!"
!"

!" !"

− !" !" = 𝐷𝑝! 𝑓!" − 𝑓

(7)

To implement equation (7) functional relations expressing the elevation specific
probabilities of entrainment and deposition should be available. Unfortunately these
relations are not available in the literature and cannot be derived from the time series of
bed elevations.
To overcome this problem, we note that the elevation specific probabilities of net
entrainment and net deposition can be estimated from the time series of bed elevation.
Thus, if the right hand sides of the equations of conservation of sediment mass are
expressed in terms of net deposition ΔD and entrainment ΔE, we should be able to use
the continuous framework to model the dispersal of tracer stones.
In a time series of bed elevation net deposition occurs when the bed elevation
increases in time, and net erosion occurs when the bed elevation decreases in time. At the
generic elevation y in the bed deposit, the average fraction of time that the bed elevation
increases in time represents the absolute probability of net deposition pa,netD, and the
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average fraction of time that the bed elevation decreases in time can be interpreted as the
absolute probability of net erosion pa,netE.
To obtain the elevation specific probabilities of net entrainment and deposition, the
absolute probabilities pa,netD and pa,netE have to be multiplied for the probability that the
bed is at elevation y, pe. Thus, the elevation specific probabilities of net deposition, pND
and pNE are defined as
𝑝!" = 𝑝!,!"#$ 𝑝!

(8a)

𝑝!" = 𝑝!,!"#$ 𝑝!

(8b)

It is important to note here that the integrals of pND and pNE over the entire bed deposit
are not equal to 1. They are respectively equal to FND and FNE = 1 − FND, respectively
representing the average fractions of time that the system is net depositional or net
erosional.

Examples of elevation specific probabilities of net deposition and net

entrainment estimated from the time series of bed elevation fluctuations recorded in the
uniform sediment experiments of Chapter 2 with vertical bins of 5 mm are presented in
Figure 4.8 for the experiments 1.530, 830 and 1630 corresponding to upper plane bed with
standard bedload transport (Figure 4.8a), downstream migrating antidunes (Figure 4.8b)
and upper regime with bedload transport in sheet flow mode (Figure 4.8c) respectively.
The conservation of sediment mass at location x and elevation y in terms of net
deposition ΔD and entrainment ΔE takes the form
𝑐!

!!!
!"

!"

+ 𝑝! !" = ∆𝐷𝑝!" − ∆𝐸𝑝!"

(9)

where
!!

∆𝐷 = !

(10a)

!"
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!!

∆𝐸 = !

(10a)

!"

with TND denoting the average time in which there is net deposition over a wave period T
and TNE is the average time in which there is net erosion during a wave period T.
Following Nakagawa and Tsujimoto (1979), the wave celerity c can be computed
from the relation
𝑞! = 𝑠𝑐! 𝑐2𝐴

(11)

where cb is assumed to be equal to 0.6, and s is a shape factor such that s = 0.5 for
triangular bedforms and s = 2/π for sinusoidal waves. When the wave celerity is known,
the wave period T can be computed as
!

𝑇=!

(12)

The variability of c and T with the Shields number associated with skin friction for
the uniform sediment experiments of Chapter 2 is presented in Figure 4.9 for s = 0.6. As
∗
𝜏!"
increases, the period of the fluctuations decreases and the celerity increases and the

period of the fluctuations around the mean bed elevation decreases.
Having estimated 1) the average fraction of time in which the system is net
depositional, FND, 2) the average fraction of time in which the system is net erosional FNE
= 1 − FND, and 3) the wave period T, the average time that the system is net depositional
TND and the average time that the system is net erosional TNE are defined as
𝑇!" = 𝐹!" 𝑇

(13a)

𝑇!" = 1 − 𝐹!" 𝑇

(13b)

The elevation specific equation of conservation of tracer stones at location x and
elevation y in terms of net deposition and net entrainment takes the form
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𝑐! 𝑓

!!!
!"

!"

+ 𝑝! !" + 𝑃!

!"
!"

!" !"

− !" !"

= ∆𝐷𝑝!" 𝑓!" − ∆𝐸𝑝!" 𝑓!"

(14)

With the aid of equation (9), the above equation reduces to
𝑐! 𝑃!

!"
!"

!" !"

− !" !" = ∆𝐷𝑝!" 𝑓!" − 𝑓 − ∆𝐸𝑝!" 𝑓!" − 𝑓

(15)

The last step to implement equation (15) is to compute the net fluxes of tracers, fND−f
and fNE−f. We hypothesize that the net fluxes of tracers can be computed with a step
length formulation to compute the entrainment and deposition rates integrated over the
bed deposit and to link them with the net entrainment and deposition rates integrated over
the bed deposit (Viparelli et al., 2016).

4.5. CONCLUSIONS
The analysis of the time series of bed elevation fluctuation shows that in upper regime
normal bedload dominated systems, the probability distribution of bed elevation
fluctuations around the mean can be reasonable well described in terms of a normal
distribution function with zero mean and standard deviation that varies with the Shields
number associated with skin friction. In particular, σ decreases for increasing values of
∗
𝜏!"
in the upper plane bed regime with standard bedload transport and in the downstream
∗
migrating antidune configuration - 𝜏!"
< 0.56. In the upper regime plane bed with

bedload transport in sheet flow mode, σ/D is constant and equal to ~2.
The predictive functions that describe the evolution of the standard deviation of the
bed elevation fluctuation can be implemented in models of river morphodynamics to
quantitatively describe the vertical sediment fluxes that occur during high transport
events.
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Future work is needed to investigate the possibility of implementing a
morphodynamic model that uses the probabilities of bed elevation fluctuations to capture
the details of the erosion and deposition that cannot be described with the traditional
approach based on the active layer approximation (Parker et al., 2000; Blom et al., 2006;
Blom, 2008; Viparelli et al., 2016).
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4.7. FIGURE CAPTIONS
Figure 4.1. Schematic diagram of bed surface elevation variation with time, showing
instantaneous realization of bed elevation η (black continuous line), average bed
elevation 𝜂 (dashed line), bed elevation fluctuation around the mean bed elevation η′
(vertical distance separating solid and dashed lines), generic elevation z (horizontal grey
line) and fraction of time generic elevation lines falls within the deposit (thick grey lines).
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Figure 4.2. Example of the spatial variation of the time series of bed elevation
fluctuations η′, for the 1.530 experiment.
Figure 4.3. Variation of bed elevation fluctuations with feed rate measured at x = 7.68
m for the 30 l/s experiments and corresponding probability density functions.
Figure 4.4. Cumulative probability distribution functions of bed elevation fluctuations
Pe. Black grid lines denote the 90 % interval around the mean. Dashed lines represent
normal distribution functions fitted to each series.
Figure 4.5. Variation of non dimensional standard deviation of the probability density
of bed elevation fluctuations around the mean bed elevation σ/Dg as a function of the
∗
Shields number associated with skin friction 𝜏!"
. Diamonds represent the 30 l/s

experiments. Squares represent the 20 l/s experiments. Dashed lines indicate lower and
upper limits of transition region from standard bedload transport. The black line is a
linear fit given by Equation (1). Dashed grey lines denote a ±30% interval around the
predictor.
Figure 4.6. Variation of the skewness and kurtosis around the mean bed elevation as
∗
a function of the Shields number associated with skin friction 𝜏!"
. Diamonds represent

the 30 l/s experiments. Squares represent the 20 l/s experiments. Dashed lines indicate
lower and upper limits of transition region from standard bedload transport.
Figure 4.7. a) Relationship between visually observed and sonar-based bedform
heights computed with the 90% interval around the mean bed elevation. b) Relationship
between sonar-based bedform heights and the Shields number associated with skin
friction.
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Figure 4.8. Probability of net deposition and net erosion for the 1.530, 830 and 1630
experiments. a) Absolute probabilities of net deposition, b) probability of net deposition,
c) probability of net erosion.
Figure 4.9. Estimated bedform periods T (white diamonds) and celerities c (black
diamonds) as functions of the Shields number associated with skin friction.
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4.8. FIGURES

Figure 4.1. Schematic diagram of bed surface elevation variation with time, showing
instantaneous realization of bed elevation η (black continuous line), average bed
elevation 𝜂 (dashed line), bed elevation fluctuation around the mean bed elevation η′
(vertical distance separating solid and dashed lines), generic elevation z (horizontal grey
line) and fraction of time generic elevation lines falls within the deposit (thick grey lines).
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Figure 4.2. Example of the spatial variation of the time series of bed elevation
fluctuations η′, for the 1.530 experiment.
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Figure 4.3. Variation of bed elevation fluctuations with feed rate measured at x = 7.68 m
for the 30 l/s experiments and corresponding probability density functions.
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a)

b)

c)

d)

Figure 4.4. Cumulative probability distribution functions of bed elevation fluctuations Pe.
Black grid lines denote the 90 % interval around the mean. Dashed lines represent normal
distribution functions fitted to each series.
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Figure 4.5. Variation of non dimensional standard deviation of the probability density of
bed elevation fluctuations around the mean bed elevation σ/Dg as a function of the
∗
Shields number associated with skin friction 𝜏!"
. Diamonds represent the 30 l/s
experiments. Squares represent the 20 l/s experiments. Dashed lines indicate lower and
upper limits of transition region from standard bedload transport. The black line is a
linear fit given by Equation (1). Dashed grey lines denote a ±30% interval around the
predictor.
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Figure 4.6. Variation of the skewness and kurtosis around the mean bed elevation as a
∗
function of the Shields number associated with skin friction 𝜏!"
. Diamonds represent the
30 l/s experiments. Squares represent the 20 l/s experiments. Dashed lines indicate lower
and upper limits of transition region from standard bedload transport.
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Figure 4.7. a) Relationship between visually observed and sonar-based bedform heights
computed with the 90% interval around the mean bed elevation. b) Relationship between
sonar-based bedform heights and the Shields number associated with skin friction.
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Figure 4.8. Probability of net deposition and net erosion for the 1.530, 830 and 1630
experiments. a) Absolute probabilities of net deposition, b) probability of net deposition,
c) probability of net erosion.
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Figure 4.9 Estimated bedform periods T (white diamonds) and celerities c (black
diamonds) as functions of the Shields number associated with skin friction.
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4.9. TABLE
∗
Table 4.1. Summary of the experimental observations at equilibrium with 𝜏!"
denoting
the Shields number associated with skin friction, σ the standard deviation in mm, β1 the
skewness coefficient, β2 the coefficient of excess kurtosis, 2A the sonar-based bedform
height.

Run

τ*bs

1.520
820
1620
0.530
130
1.530
230
2.530
330
430
630
830
1030
1230
1630
2030

0.20
0.41
0.67
0.13
0.16
0.18
0.22
0.24
0.27
0.27
0.36
0.40
0.49
0.48
0.75
0.89

σ
mm
8.5
8.7
1.9
15.4
16.6
14.7
12.9
11.2
11.9
13.6
13.1
13.1
4.4
3.9
2.2
1.9
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β1

β2

-0.16
-0.17
-0.18
0.40
0.37
0.29
0.08
-0.02
0.05
-0.09
-0.15
-0.09
0.11
0.10
0.36
0.26

-0.66
-0.58
0.41
-0.90
-1.09
-0.87
-0.90
-0.87
-1.06
-1.12
-1.03
-0.96
0.02
1.55
0.56
0.61

2A
mm
27.46
28.75
6.50
47.81
50.87
46.84
41.16
34.57
36.59
41.91
40.64
41.84
14.46
13.17
7.81
6.37

CHAPTER 5

SUMMARY OF THE RESULTS, CONCLUSIONS AND FUTURE RESEARCH NEEDS

5.1. HYPOTHESIS AND OBJECTIVES
Two research objectives motivated the research work presented herein, 1) testing the
hypothesis that a basal massive unit overlying an erosional boundary and underlying a
parallel laminated unit in turbidites and tempestites can be emplaced by bedload transport
in sheet flow mode, and 2) developing physically-based probability functions of bed
elevation fluctuations that can be implemented in vertically continuous morphodynamic
models to predict the internal fabric of the deposits.
Two groups of laboratory experiments were performed to meet these research
objectives.
The first group of experiments was conducted with uniform sediment to remove the
complexities associated with the interactions between grains differing in size. Noting that
previous research clearly demonstrated that the parallel laminated units are emplaced
under upper regime plane bed with long wavelength and small amplitude bedforms and
standard , and that the depositional sequence described above is emplaced by waning
energy flows, the experiments were first conducted in upper plane bed configurations
with long wavelength and small amplitude bedforms. The sediment transport capacity
was then gradually increased to study the conditions that would have produced bedload
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transport in sheet flow mode. During the experiments time series of bed elevations were
measured with ultrasonic probes. These time series were then analyzed to determine the
probability functions of bed elevation fluctuations.
The second group of experiments was performed with a mixture of sediments
differing in size to characterize the internal fabric of deposits emplaced in the upper
regime plane bed with long wavelength and small amplitude bedforms, in the upper
regime plane bed with bedload transport in sheet flow mode and at the transition between
the two upper plane bed regimes, which was characterized by downstream migrating
antidunes.

5.2. MAIN RESULTS
Noting that bedload transport in the upper regime plane bed with long wavelength and
small amplitude bedforms is characterized by a 2-3 grain diameter thick transport layer of
non-colliding grains – standard bedload transport, and that bedload transport in sheet
flow mode occurs with a 10s grain diameter thick near bed layer of colliding grains, the
main results of this research effort can be summarized as follows:
1) the transition from upper regime plane bed with standard bedload transport to
upper regime planed bed with bedload transport in sheet flow mode is characterized by
∗
a) a gradual increase in the thickness of the bedload layer for 𝜏!"
> 0.3

corresponding to the development of the sheet flow layer,
b) the development of the sheet flow layer is associated with changes in bedform
∗
geometry. Bedform wavelengths gradually decrease when 𝜏!"
≤ 0.3, and
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∗
gradually increase for 𝜏!"
> 0.3. Bedform heights rapidly drop when the sheet
∗
flow layer is fully developed - 𝜏!"
> 0.5, and
∗
c) a transition region, 0.3 < 𝜏!"
< 0.5, in which downstream migrating antidunes

represent a stable bed configuration when the suspended bed material transport is
negligible;
2) in the upper plane bed regime with standard bedload transport, form drag should
not be neglected in the calculations of flow resistances. The analysis of our data with
previous experiments in the same bed configurations suggests that the form drag
decreases as the product between the Froude number and the ratio H/D to the 0.25 power
increases;
3) the comparison between downstream and upstream migrating antidunes in open
channel flow experiments reveals that
a) they occur in the same range of Froude numbers,
b) they migrate downstream when suspended bed material transport is negligible,
c) downstream migrating antidunes are characterized by larger values of the ratio
between flow depth and bedform height, and
d) the aspect ratio of the dowsntream migrating antidunes is smaller than in the case
of upstream migrating bedforms. The same qualitative observations were
performed in laboratory experiments on bedload transport driven by density
currents;
4) upper regime plane bed with bedload transport in sheet flow mode can be
interpreted as a stable bed configuration that separates upstream and downstream
migrating antidunes in systems with relatively coarse bed material;
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5) in the upper regime experiments the probability distribution functions of bed
elevation fluctuations around the mean can be reasonably well described in terms of a
normal distribution function with zero mean and standard deviation that varies with the
flow conditions;
6) in the upper regime experiments the standard deviation of the bed elevation
fluctuations, σ, varies with the bedload transport capacity and thus with the Shields
number associated with skin friction,
∗
a) σ decreases for increasing values of 𝜏!"
in the upper plane bed regime with

standard bedload transport and in the downstream migrating antidune
∗
configuration - 𝜏!"
< 0.56, and

b) in the upper regime plane bed with bedload transport in sheet flow mode, the ratio
between σ and the characteristic sediment size is constant and equal to ~2.
6) parallel laminated deposit are emplaced in upper regime plane bed with standard
bedload transport and with downstream migrating antidunes. As the Shields number
associated with skin friction increases, the antidunes flatten out, the sheet flow layer
develops and the deposits become massive. This observation is explained considering
that the thin upper portion of the laminae is emplaced becasue of the upstream movement
of fine sediment in the flow separation zone. As the bedforms are washed out and the
sheet flow layer develops, the flow separation on the lee side of the bedforms becomes
less evident (form drag decreases – point 2), the fine sediment is not trapped in the
separation zone and the parallel laminae cannot form;
7) in the experiments the transition from a parallel laminated to a massive unit is
associated with a change in the grain size distribution of the deposit with the massive
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deposits being significantly finer than the laminated units. This is likely the result of
particle segregation in the sheet flow layer, with the fine sediment preferentially
transported near the bed and the coarse sediment preferentially transported in the upper
part of the sheet flow layer.

5.3. NEW RESEARCH QUESTIONS
The experiments and the analysis of the time series of bed elevation fluctuations
presented in this thesis motivated research questions that could not be answered in the
present work due to the lack of experimental data and basic knowledge.
When plotted in the Engelund (1970) stability diagram, the points pertaining to the
experiments with bedload transport in sheet flow mode fall near the curve separating
upstream and downstream migrating antidunes, suggesting that the upper plane bed with
bedload transport in sheet flow mode can be interpreted as a stable bed configuration
separating the region with upstream migrating bedforms from the region with
downstream migrating bedforms. Theoretical work and additional experiments are
needed to investigate if the bedload transport in sheet flow mode can be interpreted as a
stable bed configuration at the transition between upstream and downstream migrating
upper regime bedforms in bedload dominated systems.
The comparison between the experiments presented herein on bedload transport and
the experiments performed by Yokokawa et al. (2011) and Cartigny et al. (2014) reveal
that upper regime bedforms evolve differently under increasing energy flows.

In

suspension dominated systems upstream migrating antidunes evolve into cyclic steps
form. In bedload dominated systems downstream migrating antidunes evolve into a flat
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bed with bedload transport in sheet flow mode. Experiments and theoretical analyses are
necessary to investigate the role of suspended sediment transport on bedform
morphodynamics.

This work will also provide fundamental insights to differentiate

between bed material and wash load in suspension dominated systems.
Finally, theoretical and numerical work is needed to investigate the possibility of
implementing a continuous morphodynamic framework that uses the probabilities of bed
elevation fluctuations, entrainment and deposition to model the sediment fluxes between
the mobile bed and the bedload transport and reproduce the internal fabric of the
emplaced deposits (Parker et al., 2000; Blom et al., 2006; Blom, 2008; Viparelli et al.,
2016).

The analysis of the time series can provide physically-based estimates of

probability functions of bed elevation fluctuations, but cannot give information on the
probabilities of entrainment and deposition. Fine scale granular physics models might be
able to provide the probability functions of entrainment and deposition. The granular
physics models, however, are too computationally intensive to reproduce the laboratory
scales considered in this work. Thus, these models have to be carefully scaled up to
laboratory and field conditions relevant for the problems studied herein.
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